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ABSTRACT 
Dry deposition, rainfall and atmospheric particulate samples collected 
at a coastal Rhode Island site, and aboard RV/Trident over the North 
West Atlantic Ocean were analysed for Na and Mg in order to understand 
the rate and mechanisms of removal of atmospheric sea salt. Perkin El mer 
atomic absorption spectrophotometer models 303 and 360 were used for 
the analyses. Samples col l ~cted at the R.I. coastal site were divided 
into 3 different categories, namely, "marine", "land" and "mixed" samples 
depending on the local surface wind direction during sampling. Based 
upon the Mg/Na rat i c..1 , it appears that most of the Na and Mg in "marine" 
samples were derived from the ocean while "land" samples essentially 
consist of Na and Mg of crustal origin and "mixed" samples were a com-
bination of the two. 
The rate of wet removal of atmospheric Na and Mg, calculated from 
"marine" and "land" samples and the rate of dry depos iti t·r, of sea . 
salt calculated only from "marine" samples, appear to be proportional 
to the wind speed. Consideration of the Mg/Na ratios in rainfall and 
dry fallout samples observed from the ''marine", "mixed" and "land" 
samples categories, suggest that rainfall scavenges sea salt Na and 
Mg more efficiently than crustal particles. 
The annual global removal rate of atmospheric sea salt was estimated 
at '\J3.0x1015 g/yr.60% of this is removed by rainfall and the rest by 
dry deposition. Of the total cyclic sea salt removed annually over 
the globe, less than 7% is deposited over land. 90% of this is removed 
by rainfall and the rest by dry deposition. 
ii i 
ACKNOWLEDGEMENT 
I am most grateful to my major professor Dr. Robert A. Duce for 
his valuable help and guidance during my graduate work. I not only 
thank him for stimulating my interest in the field of marine atmos-
pheric chemistry and his open~door policy, but most of all for his 
deep understanding, patience and compassion throughout my stay at the 
Graduate School of Oceanography. 
I wish to give special thanks to Dr. Stephen R. Pietrowicz, 
Dr . Gerald L. Hoffman, Ms. Barbra Ray, Dr . Eva J. Hoffman and 
Mr . Clifford ~/eisel for their help and suggestions. 
Thanks are also due to the AMIDEAST and the National Council 
for Research of Sudan for providing the scholarship and financial 
support for this investigation . 
I also acknowledge the support of the National Science Foundation 
through NSF grants OCE76-16883 and GX-33777. 
Grateful appreciation is extended to Mrs. Pat Aldrich for typing 
this dissertation. 
This thesis is dedicated to my parents who encouraged and supported 
me faithfully throughout my education . 
iv 
TA~LE OF CONTENTS 
Page 
ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii 
ACKNOWLEDGE MENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv 
L !ST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix 
LIST OF FIGURES ............. ,.................................. xi 
CHAPTER I. INTRODUCTION .................................... . 
A. Removal Mechanisms of Atmospheric Sea Salt ...... . 
B. Review of the History of Sea Salt in Rainwater... 3 
C. Mechanisms of Production of Atmospheric Sea Salt. 7 
Particles 
D. Geochemical Cycle of Atmospheric Sea Salt........ 8 
E. Rese~rch Objectives.............................. 11 
CHAPTER II. EXPERIMENTAL METHODS............................. 13 
A. Sampling Procedures.............................. 13 
l. General Considerations....................... 13 
2. The Automatic Rain-Dry Fa 11 out Co 11 ector. . . . . 14 
3. Sample Handl i ng . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 
4. Testing Programs for the Sampling System..... 16 
a. Determination of rainfall collection 
efficiency of 42x29x25 cm and llxl0x4 cm 
plastic containers......... . ............. 17 
b. Collection efficiency of various sur-
faces for dry fallout and total fallout 
samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
c. Dissolution of Na and Mg in the dry 
fallout samples from the bottom and 
sides of the plastic buckets............. 21 
v 
Page 
d. Efficiency of the automatic rain dry 
fallout collector for total deposition.... 24 
B. Analytical Procedures............................. 27 
l. Extraction of Na and Mg from Whatman 41 
Filter........................................ 27 
a. Extraction of known amounts of Na and 
Mg from Whatman 41 filter................. 27 
b. Ultrasonic extraction versus high tem-
perature ashing........................... 27 
c. Extraction of particulate Na and Mg 
from Whatman 41 filter samples using 
O.lN HN03 and distilled deionized water .•.. 29 
d. Efficiency of recovery of one extraction 
for particulate Na and Mg .................. 36 
2. Sample Analysis ................................ 38 
a. Atomic absorption.......................... 38 
b. Sampling and analytical precision .......... 41 
CHAPTER I I I. RES UL TS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 
A. General Consideration .............................. 42 
B. Classification of Samples .......................... 42 
1. Atmospheric Concentrations and Dry Deposition .. 42 
a. Coastal Rhode Island ....................... 42 
i . "Mari ne 11 • 11 mixed 11 and 11 1 and" 
samples ............................... 42 
ii. 11 Corrected-to-Mari ne 11 samples .......... 47 
b. Samples collected aboard RV/Trident ........ 53 
Vi 
CHAPTER IV· 
A. 
Page 
c. Deposition velocity for particulate 
Na and Mg................................. 53 
2. Rainfall Samples.............................. 60 
DISCUSSION ....................................... . 64 
The Rate and Prpcesses of Ren~val of Atmospheric 
Sea Salt ......................................... . 64 
l. Dry Removal of Atmospheric Sea Salt........... 64 
a. The rate of dry fallout and atmospheric 
concentrations of Na and Mg for samples 
collected in the 11 Marine 11 , 11 mixed 11 
and 11 land'' subenvironments of R. I. 
environment.............................. . 64 
b. 11 Mixed 11 samples collected within the 
11 010-090 11 wind sector . . . . . . . . . . . . . . . . . . . . 73 
c. Samples collected aboard RV/Trident....... 76 
d. The Mg/Na ratios....... .. ................. 76 
e. Deposition velocities for particulate 
Na and Mg. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 
2. Wet Removal of Atmospheric Sea Salt........... 78 
a. Rainfall collected from different 
wind sectors.... . . . . . . . . . . . . . . . . . . . . . . . . . . 78 
b. Selective removal of sea salt aerosol 
by ra inf a 11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
B. Geochemistry of Atmospheric Sea Salt.............. 84 
l. Significance of ~~et Removal (rain) of 
sea salt Relative to Dry Deposition in 
the Coastal Environment of Rhode Island....... 84 
vii 
Page 
2. Sea Salt Yearly Removal Over the World Oceans ... 84 
3. Significance of Atmospheric Removal of Sea 
Salt Over the Coast of Rhode Island ............. 85 
4. Atmospheric Removal of Na and Mg Over Land ...... 87 
CHAPTER V • CONCLUSIONS .. : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 
REFERENCES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 
v iii 
UST OF TABLES 
Page 
Table 
l. Collection efficiency of rainfall by 42x29x25 cm and 
and llxl0x4 cm plastic buckets............................. 18 
2. surface collection effic1ency for dry fallout and 
total fallout samples...................................... 20 
3a. Di sso 1 uti on of Na and Mg in the dry fa 11 out samp 1 es 
from the bottom and sides of the plastic buckets........... 22 
3b. Proportions of Na and Mg in the dry fallout collected 
on the bottom and sides of the plastic buckets............. 23 
4. Efficiency of the automatic rain-dry fallout collector 
for total deposition....................................... 26 
5. Extraction of known amounts of Na and Mg from a 
Whatman 41 filter using O.lN HN03 acid and an ultra-
sonic cleaner.............................................. 28 
6. Extraction of Na and Mg from Whatman 41 filters using 
high temperature ashing and extraction with O.lN 
HN03 in an ultrasonic bath.................................. 30 
7. Extraction of particulate Na and Mg from a Whatman 41 
filter blank using O.lN HN03 and D.D. H2o and an 
ultrasonic bath............................................. 32 
8. Extraction of particulate Na and Mg from atmospheric 
particulate sample No. 14................................... 34 
9. Extraction of particulate Na and Mg from atmospheric 
10. 
Particulate sample No. 15.... .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
Efficiency of extraction of atmospheric Na and Mg 
from Whatman 41 filter using ultrasonic cleaner and 
D.o. H20 ................ ·1~................................. 37 
Page 
11 . sample collection information............................. 43 
2 Rate of dry fallout and atmospheric concentration l . 
of Na and Mg for "marine" samples. . . . . .. . . . . . . .. . . .. . . .. . . 48 
l3. Rate of dry fallout and atmospheric concentration of 
Na and Mg for "land" samples.............................. 49 
14. Rate of dry fallout and atmospheric concentration of 
Na and Mg for "mixed" samples............................. 50 
15. "Corrected-to-marine" rate of dry fallout and atmos-
pheric concentrations of Na and Mg for "mixed" samples.... 54 
16. "Marine" samples and "Corrected-to-marine" samples 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
correlation with wind speed ....... .. .... .. . ... .. ...... .. . 55 
Rate of dry fallout and atmospheric concentrations of 
Na and Mg. Wind direction 010-090° ...................... . 
Atmospheric flux of Na and Mg to the North Atlantic 
Ocean (R/V Trident samples) .............................. . 
Deposition velocities for atmospheric Na and Mg .......... . 
Na and Mg in "marine" rain samples ....................... . 
Na and Mg in "mixed" rain samples ........................ . 
Na and M · "l d" · l g 1n an rain samp es ......................... . 
Summary table for rain and dry fallout samples 
collected in coastal Rhode Island .........•............... 
Geochemistry of cyclic sea salt .......................... . 
x 
56 
57 
58 
61 
62 
63 
65 
86 
UST OF FIGURES Page 
Figure 1 · Effects of varying wind force upon number and 
weight of large sea-salt particles near cloud 
base over sea in Hawaii area....................... 9 
Figure 2. The automatic rain-dry fallout collector. 
Only the dry fallout half is shown (The rain 
half is identical)................................. 15 
Figure 3. A typical calibration curve of Na concen-
tration versus absorbance, with burner head 
rotated at 90°..................................... 39 
Figure 4. A typical calibration curve of Mg concen-
tration versus absorbance, with burner head 
rotated at 45° ..................................... 40 
Figure 5. Co as ta 1 Rhode Island sampling site ................. 46 
Figure 6. R/V Trident cruise #169, sampling stations ......... 59 
Figure 7. Atmospheric Na and Mg concentration vs. 
• d d (" • II 1 ) win spee marine samp es ..................... . 67 
Figure 8. Na and Mg rate of dry fallout vs. wind speed 
(''marine" samples)................................. 68 
Figure 9. Na and Mg rate of dry fallout vs. wind 
speed ("land" samples)............................. 70 
Figure 10. Atmospheric Na and Mg concentration vs. 
wind speed ("marine" and "corrected-to-
marine" samples).................................. 74 
Figure 11. Na and Mg rate of dry fallout vs. wind speed 
("marine", "corrected-to-marine" and 
Tri dent samples)................................... 75 
xi 
Page 
Figure 12. Na and Mg concentration in rain water vs. 
• d d ( II • II • ) win spee marine rain ................. . 80 
Figure 13. Na concentration in rainwater vs rain depth. 81 
Figure 14. Mg concentration in rainwater vs. rain 
depth. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 
xii 
I. INTRODUCTION 
It appears that a Hungarian qeologist named Posephny was the first 
person to visualize the geochemical implication of sea salt transport 
between the ocean, the atmosphere, and land in 1877 (Eriksson 1959). 
Posephny used geological evidence to conclude that chloride in river 
water and saline deposits must .have originated in the sea and been 
carried inland by the atmosphere . Posephny's observation went largely 
without notice until 1959 when Erik Eriksson, in Sweden, made the first 
quantitative estimations for the removal of atmospheric sea salt by 
rainfall and dry deposition over the ocean and land. This will be dis-
cussed in full deta i1 1 a ter. 
A. Removal Mechanisms of Atmospheric Sea Salt 
Jun~e (1963) classified the removal mechanisms for atmospheric 
aerosols as wet removal by precipitation, dry removal by sedimentation, 
and dry removal by impaction on obstacles on the earth surface. The 
third mechanism can be important in land covered with forests (Junge 
1963; Madgwick and Ovington, 1959; Georgii 1962). 
Wet removal comprises two distinct processes l) rainout, which is the 
removal due to processes within the clouds, and 2) washout, which is 
the process of removal by rainfall below the clouds. During the journey 
of the raindrops from the cloud base downwards, in addition to the wash-
out processes, evaporation of the raindrops also occurs . The net effect 
of these three processes, namely rainout, washout and evaporation, deter-
mine the concentration of any substance in rain water . 
During the rainout process, atmospheric aerosols enter the cloud 
droplets in the following ways: 
2 
1 ) consumption of condensation nuclei, 
2) The attachment of aerosol particles to the cloud elements by 
Brownian motion, 
J) The attachment of aerosol particles by the water vapour gradient 
( Facy-effect). For atmospheric sea salt and other aerosol particles of 
radii >O.l um, the consumption of condensation nuclei is considered the 
primary mechanism of rainout. The other two mechanisms, 2 and 3 are 
important for Aitken particles (radii < O.lu111), (Junge 1963). 
Martens, et al. (1973), observed a chemical change during the 
transformation of aerosols to cloud droplets on the eastern end of the 
island of Puerto Rico. Comparison of elemental ratios in particles 
and rain and of the elemental particle size distribution in and out 
of the clouds showed an apparent efficiency of 100% for the marine 
particles (Na, I, Br, Cl-) compared to less than 25% scavenging 
efficiency for the terrestrial fraction of the aerosol (Al, Mn, V). 
\4hen the rain drops leave the cloud base, they scavenge aerosol 
particles as they fall and they begin to evaporate. Both these 
processes lead to an increase in the rain water concentration of 
dissolved substances. \'1ashout and evaporation are both inversely propor-
tional to the radius of the rain drop (Junge, 1963). 
K a 
r 
c 
( l ) 
where K is the concentration of any dissolved substance in rain water 
due to washout and evaporation and r is the rain drop radius. 
c 
Although the mass of sea salt collected by a rain drop falling through 
air containing sea salt depends upon the volume of air swept out by 
3 
l · drop, i.e., proportional to the cross-sectional area of Uie fa l mg 
l · drop or rc
2
, the concentration of salt in the rain drop the f al mg 
is inversely proportional to the volume of the rain drop or l/ re 3. 
The net salinity change would be proportional to l/ re. In addition 
small rain drops become more saline than larger ones due to evaporation. 
Again, although evaporation is proportional to the surface area of 
the drop or re~ the salinity is proportional to l/rc3 (Turner 1955; Duce,et al., 
+ 1969). Duce et al., 1969 measured the Na and Cl content of rain as a 
function of rain intensity. Large raindrops were associated with higher 
rainfall intensity. They found that high intensity rains were associated 
+ -
with 101>1 concentrations of Na and Cl while low intensity rain showers 
+ - + -
results in rains with higher amounts of Na and Cl . The Na /Cl ratio, 
however, was found to be constant, independent of evaporation, washout 
or the intensity of rain. 
13 . Review of the History of Sea Salt .iQ_ Rain vlater 
Although the history of research on chemical compounds in rain 
and snow date back to 1750 (Eriksson, 1959), for a long time ammonia 
and nitrate nitrogen were the only compounds of interest. The first 
determination of sea salt in rain water was made at the beginning of 
the nineteenth century, when several investigators around the world 
measured Cl in rain water collected at coastal and inland locations, 
(Eriksson, 1952). Although the geochemical significance of atmospheric 
transport of sea salt between the ocean and land was suggested by 
Posephny as early as 1877, little was done to evaluate the processes 
of Production and removal of atmospheric sea salt until the middle of 
the 20th century. During this early period in the history of atmospheric 
sea salt chemistry, the majority of the studies done were concerned 
4 
with measuring chloride and/or other sea salt components in rain-
t ., collected over specified periods of time. This was undertaken \·Ja e, 
in several localities around the world, including inland and marine 
Eriksson (1952) extensively reviewed the various studies areas. 
during this period. Some of this pioneer work, as quoted from Eriksson's 
review (1952), merits mentioning . Two points, however, should be made 
before proceeding further. Firstly all these reported values of sea 
salt in rain and in snow include dry deposition as well, because it 
appears that the total deposition was measured, not rainfall alone. 
secondly, most of these investiqations were not done uncer meteoro-
logically controlled or monitored conditions, and hence the results cannot 
be taken as strictly representative of marine or continental environ-
ments. 
Although the first determination of chloride in rain water was 
made at the beginning of the nineteenth century, systematic work was 
not published until 1851 when Arago in Paris reported monthly amounts 
of Cl in rain water for a half year period. Another systematic inves-
tigation was carried out by Smith in 1872, He analysed rain water 
collected at different places in the British Isles. His reported 
values for the chloride content of rain water showed a considerable 
variation with a maximum of 54.6 mg/l on the west coast of England and 
a minimum of l . 20 mg/l in London. Smith, however, could not determine 
the cause of this considerable variation (Eriksson, 1952). 
In Eriksson's review tables of the Cl content in mg/l of rain fall 
collected in Europe, America, Asia, Africa, New Zealand and Australia 
were presented. From these data, Eriksson found that the Cl content 
5 
of rain water is always higher in coastal areas compared to inland 
places. He also noticed that the concentrations of Cl in rain water 
do not vary much in inland places whereas coastal locations show a 
great variation. Remarkably, high concentrations have been observed 
at Mt . Vernon, Iowa in the United States, although it is located 
inland far from both the Atlantic and Pacific oceans, (Trieschmann, 
l919; Knight, 1920; Shaffer, 1921; Fries, 1923; Woehlk, 1923; Knight, 
l924; Kynett, 1929; Krehl et. al., 1935). At this location one of 
the longest series of analyses of Cl in rain was carried out, cover-
ing the period 1919-1935 . As there is no other likely sauce for the Cl 
in the rain, it must be assumed that most of it originated from the 
ocean and was transported inland. 
Extremely high amounts of salt falling with rain and snow were also 
reported in central Russia (see for example Krivopalova, 1971 ~ushkevich, 
1971 K h 1968) Th d N + rA ++ K+, c ++ c1- so --; as tanov, . ey measure a , ·1g , a , , 4 , 
CO) . Although it is possible that a fraction of these ions in the 
rain and snow originated in the sea and was carried inland by the 
atmosphere, it appears that most of them were crustal since the ionic 
ratios in these samples approached the crustal values. Zverev, et. al., 
(1973) determined the average chemical composition of atmospheric preci-
pitation for 10 climatic zones of the USSR. He found that the mean 
concentrations for the USSR were : 
Na = 3.14 mg/l 
Mg = 0.70 II 
Ca = 3.37 II 
K = 0.645 II 
-Cl = 3.89 II 
6 
contrary to the previous Russian data, these values suggest that much 
of the Na+and Cl- in rainfall in USSR may be of oceanic origin, as the 
Na/Cl ratio of 0.81 approaches that of sea water, 0.55. This data, 
hoviever does not give typical sea salt ratios for cations. It is 
likely that the deviations are .due to the inclusion of crustal material 
containing these metals . 
Francesco Palmieri (1966) studied the salt content of rainfall in 
Caserta, on the southern coast of Italy. He determined a total depth 
of rainfall of 63 cm/year. He calculated a yearly total deposition 
for Na of 347 J..g/cm2; Mg, 61.9 µg/cm 2; K, 121 µg/cm 2, and Ca, 33.8 µg/cm 2. 
Although his data gives a Mg/Na ratio of 0.18 compared with a sen salt 
ratio of 0.12, the K/Na and Ca/Na ratios are very high compared to 
their sea water ratios, which are: K/Na - 0.038, Ca/Na= 0.038 
(Riley and Chester, 1971). Since Caserta is on the coast it seems that 
the deviations in the K/Na and Ca/Na ratios (as well as the Mg/Na 
ratio) are due to the addition of crustal K and Ca to the samples. 
Zhavoronkina,(1958) in Russia observed that the salt content of rain 
increased in winter and decreased in summer in coastal areas. He explained 
the salt increase in winter as being due to winter storms over the 
ocean. Girenko, (1959) made a mere detailed investigation of the 
effect of weather on the total mineral content of rain and snow. He 
concluded from his study of an annual cycle that the maximum minerC'.l 
content in rain corresponds to the lowest amounts . of precipitation, 
the largest period of drought between rainfall, and the most frequent 
strong winds during the corresponding month. 
Mather (1960) reviewed and summarized results of chloride analyses 
in rain water f d"ff l d h ld rom i erent p aces aroun t e wor . Based on Mather 1 s 
[rl.ksson's reviews (1952) the following can be deduced. and 
7 
1. The ocean is the major souce of airborne salt. This is clearly 
shown by the higher salt content of rain in coastal areas compared to 
inland zones. 
2. The concentration of sea salt in precipitation shows an annual 
and geographic variation. 
3. The composition of salt in precipitation deviates from the 
characteristic sea water ratios as one goes inland. 
c. Mechanisms of Production of Atmospheric Sea Salt Particles: 
It is generally believed that sea salt particle with atmospheric 
residence time longer than a few minutes are produced by bubbles bursting 
at the sea surface. Blanchard and Woodcock (1957) investigated the 
various processes for bubble production at the sea surface. They found 
that breaking waves, or white caps are the most important mechanism 
for bubble formation. Sea salt particles are produced and injected 
in the atmosphere when these bubbles burst. (Boyce, 1951). Kientzler 
et al. (1954) showed that irrmediately after a bubble bursts on the ocean 
surface, it forms a bubble jet which ejects 2 to 5 droplets into the 
air . The diameter of the jet droplet is usually ~10% of the bubble 
diameter from which they form (Blanchard, 1963). Mason (1957) and 
Blanchard (1963) found that when the bubbles burst, other droplets 
1-iere also formed due to the shattering of the bubble film cap. Little 
is known about the size and number distribution of these film drops. 
In addition little is known about the size and number of bubbles 
in the open ocean under various wind speed conditions. Blanchard and 
\foodcock (1957) studied the distribution of bubbles between 75 µm 
and 750}.!m diameter in waves breaking on a beach. Their experimental 
set up did not allow them to measure larger size bubbles. 
8 
d . (1970 1977) used acoustic attenuation measurements to study Me win ' · 
bubbles size distribution and densities in coastal waters. He investi-
gated bubbles of radius of 15-300 um at depth of 3-36 meters. He found 
relationships between the bubble size or densities and the season, 
time of day, wind speed and presence or absence of sea slicks. He 
postulated that micro bubbles are entrained by aerosols as they fall 
into the ocean as well as produced by biological activity. Blanchard 
(1963) estimated that at any moment ~3% of the ocean surface is covered 
by white caps. 
o. Geochemical eycle of Atmospheric Sea Salt 
The size distribution of sea salt particles in the marine atmosphere 
was investigated by Woodcock and coworkers. Woodcock (1953) determined 
the size distribution of sea salt below the cloud base (500 m) over 
Hawaii and other marine and continental areas. He did this for several 
wind forces (Fig. 1). He found that the number and size of particles 
or airborne sea salt increase with increasing wind force and with 
decreasing altitude above the sea. 
Using the size distribution of Woodcock (1953, Fig. l), and assuming 
a mean wind speed of 12 knots, Eriksson (1959), utilized Stokes Law to 
calculate the flux of sea salt particles that would be expected to fall 
through the surface laminar boundary layer into the sea. In the steady 
state this output sho~ld be equal to the total rate of production of 
sea salt particles in the area of the whitecap, from the ocean surface. 
Eriksson calculated the rate of dry fallout over Hawaii, the Caribbean and 
Florida. He deduced an average dry deposition rate of 5.5 x io-12 gm 
-2 1 
cm sec- of sea salt. The rate of removal over the entire ocean surface 
is then 5.4 x lo14g per year. He used rain and river runoff Cl data 
Figure 1. Effects of varying Beaufort wind force upon number and 
weight of large sea/salt particles near cloud base over 
sea in Hawaii area. After Woodcock (1953). 
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from Scandinu.via. 
water relative to Cl 
He found that the ratio of Cl concentration in rain 
concentration in river runoff was 0.3. He con-
eluded that over land dry deposition was twice as important as rain in 
transporting sea salt from the atmosphere to land. This led him to believe 
that over the ocean probably as much sea salt is removed by precipitation 
as by dry fa 11 out. Thus he suggested the to ta 1 amount of sea sa 1 t removed 
annually was approximately l015g. He estimated that 90% of this amount 
is deposited over the ocean while the rest is removed over land as the 
cyclic salt subsequently carried by rivers, streams, and groundwater. 
In 1963 Blanchard made a similar calculation but arrived at a 
16 yearly removal of 10 g/yr of sea salt. Blanchard's calculation seems 
to be more refined because he made more realistic estimates of the 
mean wind speed over various parts .~f the world's ocean, not relying on 
a global average speed of 12 Kts. From an assumed annual oceanic rain-
fall of 89 cm for the Hawaiian area, and an estimated salinity of 3.4 mg/l 
in the rain, he calculated the flux of sea salt by rain as 9.60 x l0-12 
-2 -1 gm cm sec . He compared this figure to the amount of sea salt fallout 
by sedimentation, which he computed as 5.1 x lo- 12 gm cm- 2 sec-l 
at a wind speed of 12 Kts, the average wind speed in Hawaii. 
The ratio of the two fluxes led Blanchard to conclude that rainfall 
is tvJice as important as dry deposition as a removal mechanism of 
atmospheric sea salt to the ocean surface. If one accepts Eriksson's 
figure of 10% of the total sea salt deposited on land, Blanchard's 
estimate of total sea salt production of 1016 gm/yr results in an esti-
mated amount of cyclic sea salt deposited over land of ~10159/yr. 
Livingstone (1963) calculated that the annual global input of cyclic 
sea salt from river runoff into the ocean is approximately 3xlo14 g/yr, 
in between the estimates of Blanchard and Eriksson. 
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cawse et. al. (1972, 1974) made a two year analytical study of 
trace elements in the atmospheric environment in the United Kingdom. 
TheY measured the concentration of 30 trace elements in airborne 
dust, rain water, and dry deposition at several localities. From these 
measurements they calculated a .dry dep0sition velocity for each element. 
The deposition velocity, in cm/sec, v1as defined as the rate of dry 
-2 -1 3 deposition in ug cm sec divided by the concentration in air in i1g/cm . 
They calculated the ratio of dry deposition to total deposit1on for 
Na+ and for Cl as 5%, i.e. rainfall was by far the major removal 
pathway. 
Tsunogai (1975) investigated sea salt transport to land in Japan. 
He found that the share of dry sedimentation was only 20% of the total 
removal over the various parts of Japan. Most of this 20% was trans-
ported during discrete events such as Summer typhoons. 
E. Research Objectives 
It can be seen that rainfall and dry fallout are the two main 
routes by which atmospheric sea salt is transported back to the ocean 
and to the land. As mentioned earlier, the total amount of atmospheric 
sea salt particles produced by the ocean is apparently in the range of 
1015 g/yr - 1 o1 6 g/yr. h · b · · T e primary o Ject1ves of this present investi-
gation are to: 
1. Test the validity of the two estimates of annual production of 
atmospheric sea salt particle. 
2. Investigate and determine by chemical analyses the rate of dry 
and wet removal (rain) of itmospheric sea salt (Na and Mg) from the 
marine and near shore Rhode Island atmosphere to the earth surface, 
and to establish empirically the relationship between the rate of dry 
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removal (rain) and wind speed and direction on the Rhode Island cind v1et 
coast. 
Assess the role of dry fallout in comparison to wet removal 3. 
(rain) of sea salt from the marine and coastal Rhode Island atmosphere. 
4. Calculate atmospheric deposition velocities to the earth sur-
face in the coastal Rhode Island environment for particulate Na and Mg. 
Dry deposition velocity v9 has been defined (Chamberlain, 1960) as: 
= rate of dry deposition (µg cm- 2 sec-1) 
concentration in air (µg cm-3) 
EXPERIMENTAL METHODS 
Sarnp l in~ Procedures: A. -
General Considerations: 1. 
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Rainfall, dry fallout, total deposition and atmospheric particulate 
samples were collected at the Narragansett Bay campus of the University of 
Rhode Island in southern R.I. The roof of a mobile trailer, which was 
approximately 2.5 meters above the ground, was used as an atmospheric 
sampling station. The stat ion is approx inw tely 150 mctrrs west of thr. 
west coast of Narra0ansett Bay and 15 meters above sea level. A field 
recording wind system (model R.M. Young, 1973), was installed on the sampling 
station to provide a continuous record of wind speed and direction. Also 
a standard plastic rain gauge was used to record the amounts of rainfall. 
Seventeen rainfall samples, 55 dry fallout samples and 28 atmospheric 
particulate samples were collected. The majority of these samples were 
collected during 24 hour periods continually from April 15 to June 28, 1976. 
A few rainfall and dry fallout samples were collected during December 1975. 
Duplicates of seven dry fallout samples were collected aboard RV/Trident, 
Cruise #169, Narragansett to Bermuda to Narragansett during July, 1975. 
These samples were collected manually on top of the wet · laboratory. 
The majority of the rainfall and dry fallout samples were collected in 
duplicate and a few in triplicate. Acid cleaned llxl0x4 cm and/or 
42x29x25 cm plastic containers were used for this purpose. The atmospheric 
samples were collected on double vJhatman 41 filters using a high volume 
pump. These filters are reported to be 90% efficient for removing particles 
~0.26 um in diameter for air (Stafford and Ettinger, 1972). Also the 
blank content of Na and Mg in these filters is low ( Cawse et al . , 1972; 
Dams et al . ' 1972) . 
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Out of the total number of dry fallout and rainfall samples , 34 dry 
fallout and 7 rain samples were collected using the automatic rain-dry 
fallout sampler (Fig. 2), while the rest were collected manually. Manual 
rain samples were obtained by sampling the rain shower beqinning immediately 
after the start of the shower and ending as soon as the rain stopped. 
Dry fallout samples were collected during dry periods. Hhenever rainfall 
was collected with dry fallout samples, as was the case sometimes at 
inconvenient hours, the collected samples were considered as total fallout 
samples. 
2. The Automatic Rain-Dry Fallout Collector (AEC) 
This automatic collector is a modification of a device designed and 
built by Dr. Herbert Volchok of the Health and Safety Laboratory, ERDA, N.Y., 
N.Y. The system as shown (Fig. 2) consists of a two polyethylene bucket 
collector controlled by a printed circuit board rain sensor. Each collector 
was desinged to house precisely a -polyethylene bucket of a size 42x29x25 cm. 
This way only single samples could be collected by the collector. In order 
to collect dry fallout replicate samples using the automatic collector, the 
system was modified as follows: a wooden platform wrapped v1ith polyethylene 
sheets and having the same size as the plastic buckets was placed in the 
collector instead of the dry fallout bucket. This platform was designed 
to house as many as 4 polyethylene buckets of a size llxl0x4 cm. During rain-
fall one vessel is exposed and collects rain while the dry fallout vessel 
(or vessels) is covered. \·J hen it is not raining the dry fallout collector(s) 
is exposed and the rain collector is covered . A heater is attached to the 
sensor to assure activation during cold periods and to dry the sensor 
so that a quick shut-off will occur at the end of precipitation. 
a: 
0 
(/) 
z 
w 
(/) 
E 
u 
"' ~
15 
Fiqure 2. The automatic rain-dry fallout collector. Only the dry 
fallout half is shown. (The rain half is identical). 
l 6 
3. sample Handling 
ory fallout samples were obtained by washing the bottom and sides of 
the plastic buckets with distilled deionized water after sampling. Samples 
were stored in acid cleaned polyethylene bottles and kept in a freezer. 
Blanks were obtained twice for every sample. The first blanks were taken 
from the clean plastic collection container before sampling using distilled 
deionized water. The second blanks were taken from the distilled deionized 
viater used to wash out the dry fallout samples. 
Total fallout and rainfall samples were also stored in acid cleaned 
polyethylene bottles, kept in a freezer. For those samples of large 
volumes only aliquots were retained and the rest of the sample was disposed 
of after determining the total volume. 
Uhatman 41 filter blanks were obtained periodically for the atmospheric 
particulate samples by treating filter blanks exactly as sample filters, 
except no air was drawn through them. Sample filters and blanks were sealed 
in polyethylene bags and stored in a freezer prior to analysis. 
4. Testing Programs for the Sampling Systems 
To determine the optimum conditions for sample collection, several 
tests were conducted prior to the start of the sampling program for this 
project. These tests, discussed in full below, included the following: 
determination of the collection efficiency of two types of plastic buckets 
for rainfall and dry fallout, collected manually and automatically; investi-
gation of the collection efficiency of 3 type of surfaces for dry fallout 
collection; and determination of the collection reliability of the automatic 
r . 
ain-dry fallout sampler. 
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a. Determination of rainfall collection efficiency of 42x29x24 cm 
and llxl0x4 cm plastic containers. 
The total volume of 13 rain showers collected in 42x29x25 cm (1233cm2 
bottom area) and llxl0x4 cm (110cm2 bottom area) plastic buckets was measured. 
seven of these rain shower sample~ were collected manually and 6 of them 
were collected using the automatic rain dry fallout sampler. Manual samples 
were collected in duplicate and triplicate. During rain shmver number 5, 
two sets of samples, 51 and SI! were collected. 
The collection efficiency of the two types of plastic containers 
and collection methods were calculated relative to the total rainfall 
measurements obtained from the standard plastic rain gauge. The results, 
shown in Table (1) indicate that the two types of collectors and collection 
efficiency for each of the two sized of plastic containers was 98%. The 
mean collection efficiency for the automatic collector which used the larger 
bucket, was also 98%, with sample number 12 not included. The overall 
efficiency for all collectors was also 98%. 
b. Collection efficiency of various surfaces for dry fallout and 
total fallout samples. 
Seven experiments were conducted to determine what type of collection 
surface should be utilized to collect dry fallout samples. Three types of 
surfaces were investigated. 
l. A dry plastic bucket surface 
2. A water surface, 
where distilled deionized water was added to the bucket to make a thin film 
of water at the bottom of the bucket. 
3. A Whatman 41 filter surface. 
18 
Table 1 · collection 
efficiency of rainfall by 42x29x25cm and llxl0x4 cm 
plastic buckets 
Bucket Bo~tom Total Rain Calculated Rain Ga uge Efficiency Rain Date Area (cm ) Volume (cm3) Rain Depth Depth (~) sample 4 (cm) (cm) 
12/30/75 110 182 1. 65 1. 50 110 
110 190 1. 70 1. so 113 
11 a 189 1. 70 1. 50 ll 3 
1233 1810 l .50 l. 50 100 
1233 1880 1. 50 1. so 100 
2. 12/31/75 11 a 89 0.51 0.83 98 llO 93 0.85 0.83 l 02 
11 a 91 0.83 0.83 100 
110 92 0.84 0.83 l 01 
11 a 92 0.84 0.83 101 
1233 1000 0.81 0.83 98 
1233 l 01 a 0.82 0.83 99 
J. 1/6/76 110 422 3.80 3.80 100 
110 418 3.80 3.80 100 
110 425 3.90 3.80 l 03 
110 422 3.80 3.80 100 
4. ~ 24/76 110 115 T.05 1.00 105 
110 1 OS 0.95 1.00 95 
110 108 0.98 1.00 98 
SI 5/1 /76 110 255 2.30 2. 60 88 
110 255 2.40 2.50 92 
110 260 2. 40 2.60 92 
SII 5/1/76 11 a 235 2 .14 2.50 86 
110 240 2.20 2.50 88 
llO 245 2.20 2.50 88 
6. 5/11/75 11 a 96 0.87 0.90 97 
11 a 97 0.88 0.90 98 
7. 5/16/75 110 181 l.55 1. 75 94 
110 189 T. 70 1. 75 97 
110 213 1. 90 T. 75 l 09 
110 170 1. 60 1. 75 91 
1233 2160 1. 75 1. 75 100 a. 5/18/76 110 35 0.32 0.35 91 
ll 0 36 0.33 0.35 94 
* 1233 405 0.33 0.35 94 9.* 5/21/76 1233 690 0.56 0.53 105 10.* 5/27 /76 1233 52 0.04 0.04 100 11. .. 6/1/76 1233 1650 1. 34 1.45 92 12.* 6/19/76 1233 400 0.32 0.40 80 Mean of 
the samples 
- 98+7 
* ~ 1 
-amp es ~ollected usinq the automatic rain -dry fallout sampler. The rest of the 
., samples were collected manually. 
: mean collection efficiency for 110 cm2 plastic buckets = 98 + 7 
•mean collection efficiency for 1233 cm2 plastic buckets = 98-t 7 
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experiment a 20 mesh plastic screen was placed over one of the In one 
buckets. The purpose of this screen was to determine the extent of contam-
;nation, if any, of the samples by insects. 
The results of these studies, shown in Table 2, indicate that dry and 
wet bucket surfaces collect abo~t the same quantities of either Na or Mg. 
The amount of sea salt fallout collected by these two surfaces are always 
higher than the amount collected by the Whatrnan 41 filter. In the experi-
ment where a plastic screen was used, the results shO\.v that the bucket with 
the screen cover collected almost twice as much as either the dry or wet 
buckets. These findinqs may be explained as follows: the wet surface was 
chosen in attempt to simulate the ocean surface. The fact that dry and wet 
plastic bucket surfaces have approximately the same collection efficiency for 
sea salt may be due to the hygroscopic nature of sea salt particles which 
exist as droplets at relative humidity over 70%. It is possible that sea 
salt particles falling on a dry bucket surface adhere to the side and bottom 
of the bucket just as well as they when they strike on a wet surface. 
Although there is only one datum point for the experiment where a screen 
cover was used, the higher collection efficiency of the screen surface may 
be real. This may be because the screen itself acts as an impaction surface 
or as a filter. As a result of these experiments the choice of a collection 
surface for dry deposition was limited to a wet or dry plastic bucket surface. 
However, due to convenience and generally lower blanks, the dry plastic 
bucket surface was chosen over the wet surface. Also it was noticed that 
cont · · am1nat1on by insects was far less for the dry surface compared to the 
Wet surface. 
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Table 2. Surface co 11 ection efficiency for dr·y fallout a·nd total fallout samples 
Experiment Sample Surf ace Are~ Ma Mg Na Mg Na Mg Type (cm } µg/cm2 Mean .J.Jg/cm2 ~ Efficiency relative Number to De po s i ti on on Dry 
Surface 
3. Total a Dry 1233 0.092 0.015 0.092 0. 015 Wet 1233 0.094 0.025 0.094 0.025 102 166 
4. To ta 1 a Dry 1233 1.05 0. 136 1. 05 0. 136 l~et 110 1. 00 0.144 
" 110 1.06 0.149 1.03 0.147 98 108 b Dry 1233 0.060 ' 0.005 s. m.d.f. 
" 110 0.063 0.007 0.062 0.006 
Wet 110 0.070 0.006 
1233 0.063 0 .005 0.067 0.006 108 100 
71 Total a Dry 110 2. 51 0. 173 2. 51 0. 173 
" Wet 110 2. 79. 0.195 
1233 2. 38 0. 161 2.59 0.178 103 103 
71I Total a Dry 110 0.982 0.095 0.982 0.095 
10 m.d. f. b Dry 110 0.177 0.038 
II 
" 11 o 0.165 0.039 
110 0. 196 0. 046 0.179 0.041 
Wet 110 0.170 0.037 
110 0.155 0.034 
110 0.204 0.046 0.176 0.039 98 95 
W4lc 6d 0.093 0.020 
64 0.136 0 .027 
64 0.1 32 0.028 0.120 0.025 67 61 
Screen 960 0.314 0.068 0.314 0.068 175 166 
11 m.d. f. Dry 110 0.045 0.028 
" 110 0.041 0.024 0.043 0.026 
Wet 110 0.046 0.029 
II 110 0.045 0.029 0.046 0.029 107 112 
W41c 90 0.036 0.032 
" 90 0.033 0.033 0.035 0.033 81 127 
Mean EFF.% wet/dry 102 :: 4 Na 
II 11 11 111 ±24 Mg 
Mean EFF.% W41/dry 74 ±10 la 
II II 11 94 t47 Mg 
a 
=Total fallout (rain and dry fallout). b 
=Manually collected dry fallout. 
c 
= Wha1Jnan 41 filter. 
d 
= Samples collected in plastic buckets were obtained by washing the bottom 
and sides of these buckets. 
c. 
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Dissolution of Na and Mg in the dry fallout samples from the 
bottom and sides of the plastic buckets 
This experiment was conducted to determine the number of washes required 
Sh Out Na and Mg in the dry fallout samples collected by the plastic to wa 
buckets. The experiment was also intended to estimate the amounts of Na 
and Mg collected on the sides of the plastic buckets as compared to the 
bottoms. 
Distilled deionized water was used to wash out 4 sampl es of dry fallout 
collected in 42x29x25 cm plastic buckets. The bottoms and the sides of 
these buckets were washed 3 times each using a wash bottle, only the bottoms 
of the buckets were carefully washed at first. To avoid washing out some 
of the Na and Mg collec ted on the sides of the buckets, an acid cleaned 
pipette was used to transfe r the 3 washes from the bottoms of the buckets. 
After that, sea salt collected on the sides of the buckets was washed down 
to the bottoms and transferred from the buckets. Again 3 washes were used. 
The amounts of Na and Mg i n each wash was determined (Table 3a and 3b). Of 
the total Na and Mg collected on the bottoms of the buckets, 97% and 89% 
respectively were obtained in the first washes. 86% of the total Na and 
66% of the total Mg collected on the sides of the buckets were obtained 
in the first washes, (Table 3b). Essentially all the rest of the Na 
on the bottoms and sides of the buckets was removed in the second washes 
of the buckets. For Mg, three washes were generally required. 
Of the t~al amounts of Na and Mg in the fallout samples, 88±7% of 
the Na and 78±5% of the Mg were collected on the bottoms of the plastic 
buckets (Table 3a and b). A student t-test showed that these numbers are 
statistically different at a confidence level of 96%. This suggests that 
Particles falling on the sides of the buckets are relatively enriched in 
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Table 3a · Dissolution of Na and Mg 
in the ·dry fallout samples from the b:lttom 
and sides of the pl astic buckets 
Bucket Sa mp Samp Samp Sa mp Samp Samp , 
Bl 82 B3 TB s1 52 53 TS Total T 8/Tot. 
(ug) (ug) (ug) (ug) Cug l Cuci l (uq) "' /0 
m1a Na 74 .6 1.40 1. 90 77. 9 7. 19 14 .1 1. 90 23.2 101 77 
Mg 6. 12 o. 460 0.300 6.88 1.06 1.39 0.460 2. 91 9.79 70 
2 iaf Na 26.3 0.00 0.00 26.3 1.40 1.00 O. OQ 2.40 28.7 92 
Mg 9.92 0.250 0.066 10.2 1.40 0. 940 0.00 2.34 12.5 81 
3 34DTc Na 90.1 9.28 0. 0(} 99.4 13.3 0.00 0.00 13 .3 113 88 
Mg 10 .7 2. 52 0.530 13.8 3.65 0.500 0. 00 4. 15 18.0 77 
4. 35WTd Na 108 0.00 0.00 108 8. 12 0.00. 0.00 8.12 116 93 
Mg 24.7 0.660 0.400 25.7 4.26 0.820 0.400 5.48 31.2 82 
Mean Na 
- 88t7 
Mg 
- 78±5 
a = wet bucket 
b = dry f>ucket 
c = dry bucket co 11 ected to ta 1 fa 11 out 
d =wet bucket collected total fallout 
B1,s2.s3 = bottom of the bucket first wash, second wash, etc. 
S1,S2,s3 = first wash of the sides of the bucket, second wash of the sides of the buckets, etc. 
TS = B1+B2+B3 
T5 = s1+s2+s3 
Ts/Tot. = ratio of T8 to (T8+T51 l< 100 Gpercentagel 
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Table 3b. Proportions of Na and Mg in the dry fallout 
collected on the bottom and sides of the plastic 
buckets 
Expt . No . %Na %Mg s1;r 8 s1;r 5 s1;r 8 s1 /TB 
96. 31. 89. 36 . 
2 l 00. 58. 97 . 60. 
3 91. 100. 76. 88. 
4 100 100 96 78 
Mean 97±4 86±24 89±10 66±23 
s1;r8 = Ratio of the amount of Na or Mg obtained from the first 
wash of th~ bottom of the plastic buckets relative to 
the total amount of Na or Mg collected by the bottom of 
the plastic buckets. 
s1;r5 = Ratio of the amount of Na or Mg obtained from the first 
wash of the sides of the buckets relative to the total 
amount of Na or Mg collected by the sides of the buckets . 
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Mg compared with those falling on the bottoms of the buckets. It is 
possible that some segregation of the falling aerosol particles occurs 
when they reach the sampling container. Perhaps a higher proportion of 
the aerosol particles of crustal origin, with their smaller size and higher 
Mg/Na ratio, are preferentially .deposited on the sides of the buckets. 
Aerosol particles of crustal origin are known to be enriched in Mg relative 
to Na as compared to marine aerosols, (Junge, 1963; Riley and Chester, 1971). 
In the previous experiment where the collection efficiencies of various 
surfaces for dry fallout were tested, a vJhatman 41 filter surface collected 
only 74% as much Na and 95% as much Mg as the dry plastic bucket surface. 
If we consider that the Whatman 41 filter surface is equivalent only to 
the bottom of the plastic bucket, one would expect that the Whatman 41 
filter would collect about 88% of the Na and about 78% of the Mg collected 
by the plastic bucket, assuming the two surfaces had equal collection 
efficiency. Since these values are approximately equivalent to the actual 
relative amounts collected by ~/hatman 41 filter, it seems therefore, the 
relatively poor collection efficiency of the Whatman 41 filter must be due 
to the geometry of the collection vessel and not the nature of the filter 
surface. 
d) Efficiency of the automatic rain-dry fallout collector for 
total deposition 
A description of the instrument and the collection efficiency of 
the containers used in it for rainfall were given earlier in this chapter. 
The efficiency of the automatic rain-dry fallout collector for total 
deposition is defined in percent as equal to (total amount of Na or Mg in 
an automatic collector dry fallout sample + total amount of Na or Mg 
in an automatic collector rainfall sample) divided by the total amount of 
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Na or Mg in a manual total fallout sample, all times 100. Four experi-
ments were conducted for this purpose . Replicates of rainfall and dry 
fallout samples were collected using the automatic rain-dry fallout collector 
while, during the same period of time, total fallout samples were collected 
manually using the plastic buck~ts. The collection efficiency of the 
automatic samples for total deposition was calculated for Na and Mg, (Table 
4). In experiment 3 and 4, collected durin9 the same roin sho1ver, dry 
fallout and total fallout samples were collected over two different 
intervals . 
The mean total deposition efficiency was 92±6% for Na and 96±3% for 
Mg. This high efficiency combined with the high collection efficiency for 
rainfall samples (Table 1), make the automatic rain-dry fallout collector 
an acceptable instrument for convenient and reliable sampling of rainfall 
and dry fallout samples. Galloway et al. (1976), investigated the collector 
reliability for rain and dry fallout of several bulk and automated collectors. 
They found that the automatic rain-dry fallout collector, better known 
as the U.S. Atomic Energy Commission Collector, was the most reliable of 
all the automatic collectors investigated. 
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Table 4. Efficiency of the automatic rain-Ory fallout ccllector for 1Dtal reposition 
EXP· 
No . 
Automatic Rain 
Na Mg 
(ug/ 110 cm 2) 
35.8 9.. 50 
Automatic dry fallout 
Na Mg 
? (;.Jg/110 cm'"') 
15.0 l 0.5 
11.0 
15.0 10.3 
15.0 10.2 
mean 35.8±10. 
for l 
9.50±0.95 15.7±5.8 10.5±3.5 
2 125 19.7 13.8 3.00 
3.00 
Manual total fallout 
Na Mg 
(;.Jg/l l D cm2) 
55.5 
55.0 
59.0 
22 .5 
21 . 1 
20.4 
59.7±5.0 21.3±1.7 
154 22. 8 
22.7 
mean 125±13 
for 2 
19.7±1.97 
17.7 
15.8±2.8 3.00±0.0 154±15 22.8±0. l 
3 54.2 
mean 54.2±5.4 
for 3 
4 54.2±5.4 
9.04 43. 8.20 113 18.3 
73.5 8.00 
9.04±0 . 90 58.3±22 8.10=0.14 ll3±20 18.3±25 
9.04±0.90 75.0±7.5 11.8±1.2 145±15 22.3±2.2 
Automatic 
Collector 
Na Mg 
Efficiency 
for Total 
Deposition 
85 94 
92 100 
100 94 
90 94 
92±5 95±3 
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B. Analytical Procedures 
1. Extraction of Na and Mg from Whatman 41 Filter 
As mentioned previously, atmospheric particulate Na and Mg were 
collected on 20x25 cm double Whatman 41 cellulose filters. The filter holder 
and housing were constructed of polyvinyl chloride (P~). Samples were 
collected over a period of 24 hours. 
In order to dissolve the particulate Na and Mg collected on Whatman 41 
filters, 3 different procedures were considered. These were 1) sample 
elution using distilled deionized water or 0.1 N HN03 in an ultra-sonic 
bath; 2) high temperature ashing of the filter at 450-500°C using a muffle 
furnace 3) low temperature ashing of the filter using a LFE model 
LTA505 low temperature asher. The three techniques were compared as 
follows: 
a. Extraction of known amounts of Na and Mg from Whatman 41 filter 
Using Copenhagen standard sea water, known amounts of Na and Mg 
were added to 3 Whatman 41 filters placed in acid cleaned polyethylene 
containers. The three filters and two filter blanks were then extracted 
using 25 ml of O.lN HN03 in an ultrasonic cleaner for 5 minutes . Results, 
shown in Table 5, indicate that the ultrasonic extraction procedure was 
100% efficient in recovering soluble Na and Mg. The extractable blank 
for Whatman 41 filters was 0.091 µg Na/cm2 and 0.014 µg Mg/cm2. 
b. Ultrasonic extraction versus high temperature ashing 
To compare the efficiency of the ultrasonic extraction technique 
to the high temperature ashing method, 3 dry fallout samples collected 
on Whatman 41 filters and one filter blank were studied. Using clean 
stainless-steel surgical scissors and a laminar flow clean bench, each 
of the 4 filters were cut into 2 equal halves. Disposable polyethylene 
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Table 5. Extraction of known amounts of Na and Mg from a Whatman 41 
filter using 0.1 N HN03 acid and an ultrasonic cleaner 
sarnp 1 e ug Na ug Na ug Na ug Mg % EFF. % EFF. 
added added found added Na Mg 
Blank Blank 0. 091 -2 0.014 -2 131 cm cm 
II II o. 091 -2 0.014 -2 132 cm cm 
134 8.62 1. 04 8.70 1. 08 1 01 104 
135 4. 31 0.52 4.45 0.53 103 102 
* 136 2.59 0. 31 2.58 0.50 100 1 61 
*Possible Mg contamination 
Na and Mg blanks were subtracted from samples 134, 135 and 136. 
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gloves were worn during the cutting and handling of the filters. One 
half of each filter was then extracted using 0.1 N HN03 in an ultrasonic 
bath while the other half was ashed at 450-500°C in a muffle furnace 
for 15 hours. A clean 100 ml pyrex beaker with a watch glass was used 
for this purpose. After ashing, . the contents of the beaker were dissolved 
with a combination of suprapur H Cl and HN03, of concentrations l 2N and 
16N respectively. The results (Table 6), show that the amount of Na and 
Mg obtained by the two dissolution procedures are comparable in the three 
samples analysed. The differences are within the analytical error. If 
we consider that the Na and Mg blanks obtained by high temperature ashing 
represent the total blank values and the ones obtained by ultra-sonic 
extraction represent only the extractable blanks in \iJhatman 41 filter, 
then it appears that the extractable Na blank amounts to only 1/3 of the 
total Na blank and the extractable Mg blank is equivalent to about 3/4 
of the total Mg blank. Hoffman et al. (1972) compared dry ashing with 
extraction techniques for atmospheric p~rticulate Na collected on Delbag 
polystyrene filters. They found that the two techniques have essentially 
the same dissolution efficiency. 
c. Extraction of particulate Na and Mg from Whatman 41 filter 
samples using 0.lN HN03 and distilled deionized water. 
Hoffman (1969) used 0.1 N HN03 and 3N HN03 to extract particulate 
Pb from equal portions of glass fiber filters. She found that filters 
extracted ultrasonically with 3N HN03 contained more Pb than those 
extracted with 0.1 N HN03. That was due to the higher blanks of the 
glass fiber filters when eluted with 3N HN03. She also found that the 
ultrasonic cleaner reached a maximum efficiency after 5 minutes. 
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Table 6. Extraction of Na and Mg from Whatman 41 filters using high 
temperature ashing and extraction with O.lN HN03 in an 
ultrasonic bath. 
2 
ugMgLcm 2 ugNa/cm 2 ugMg/cm 2 Sample No . ugNaLcm 
Ultrasonic Extraction High Temperature Ashing 
*B 1 0:088 0.009 0.272 0.012 
+Sl 0.467 0.023 0.483 0.030 
+52 l. 05 0.037 0.710 0.027 
+53 0.029 0.010 0.027 0.013 
* Hhatman 41 fi 1 ter b 1 ank 
+Dry fallout samples, blank subtracted 
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In the present study distilled deionized water was compared to 
o.lN HN03 as solvent for ultrasonic extraction of particulate Na and Mg 
from Whatman 41 filters. Extractions were carried out for different time 
intervals to determine the time required before the ultrasonic cleaner 
reached the maximum efficiency. 
In this experiment a 20x25 cm double Whatman 41 filter blank and 
two atmospheric particulate samples, #14 and 15, were each cut diagonally 
into 8 equal sections. Selected alternatively, 4 sections of the filter 
blank and of each of the two samples were extracted with distilled deionized 
water in an ultrasonic cleaner for different time intervals. The same 
procedure was repeated with the other 4 sections using 0.1 N HN03 acid. 
After being extracted, 2 sections of the filter blank and 4 sections of 
each of the two sample filters were then low temperature ashed to determine 
the efficiency of the ultrasonic extraction. The filters were ashed at 
an oxygen flow of 50 cc/min and a radio-frequency (RF) power of 50 watts 
for 24 hours. The residue was then taken up in 0.5 ml of concentrated 
Suprapur HF acid to which was added 0.5 ml of concentrated, distilled 
HN03 acid. The solution was then transferred to a precleaned 7ml 
polyethylene vial. The vial was left to stand for 2 weeks and prior to 
analysis 5 ml of distilled deionized H2o was added to make the acid 
content ~ 1 .6N HN03 and 2N HF. 
The results of the blank filter study, shown in Table 7, indicate 
that there may be some tendency for the extractable Na blank to increase 
with increase in extraction time interval. This trend was more obvious 
when distilled deionized water was used as a solvent. At an extraction 
time interval of 7 minutes the Na blank was almost twice the one obtained 
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Table 7. Extraction of particulate Na and Mg from a Whatman 41 filter blank 
using 0. 1 N _HN0 3 and 0.0. H2o and an ultrasonic bath. 
\Iha tman 41 Solvent Time g Na cm g Mg cm -2 -2 -2 g Na cm µ g Mg cm 
Blank Min Extracted Extracted Ashed(L. T .A.) After Extraction 
Section 
No . 
O. lN HN03 0.055 0.010 
3 3 0.049 0.008 
5 5 0.105 0.008 0.280 0.162 
7 7 0.080 0.008 
Mean 0.072 0.009 0.280 0.162 
::0 .026 ::0.001 ±0.03 ::0.02 
2 0.0. H2o 0.043 0.006 
4 3 0.049 0.005 0.139 0.002 
6 5 0.075 0.006 
8 7 0.087 0.008 
Mean 0.064 0.006 0.139 0.002 
±0.021 ::0. 001 ±0. 01 
mean (H 20) 0.068 0.008 0.139 0.002 
+O. 1 N HN03) =0.022 + =0 .01 -0.002 
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at l minute time interval. This trend was not observed for the Mg 
blank. It appears that the extractable Mg blank is . independent of the 
extraction time intervals for the two solvents used. This suggests 
that the ultrasonic cleaner reaches a maximum efficiency after only one 
minute in the case of Mg blank . 
If we add the mean of extractable blank to the mean of the ashed 
blank (Table 7), the total blank for Whatman 41 filter becomes 0.207 
2 2 
ug Na/cm and 0.010 µg Mg/cm . These blank values are comparable to the 
values obtained by high temperature ashing alone (Table 6). 
Dams et al. (1972) obtained 0.150 Mg Na/cm2 and rc,0.08 ug Mg/cm2 blank 
values for Whatman 41 filters. This last figure is considerably higher 
than found here. E. Hoffman (personal communication) found that the Mg 
blan k in \~hatman 41 filter was rc,0 .01 8µg/cm 2. 
As seen from the data in Table 7, 8 and 9, the extractable Na and Mg 
blanks amount to only 8% and 4% respectively of the extractable Na and Mg 
collected by sample filter 14, while for sample 15 they comprise only 
3% of the total extractable Na or Mg . Since these figures are within 
the sampling and analytical error it was not possible to observe any 
effect of increased extraction time on the amount of Na recovered in 
sample 14 and 15. The results also confirm that distilled deionized 
water is as efficient a solvent as 0.1 N HN03 for dissolving sea salt 
collected on Whatman 41 cellulose filters. 
Out of the 50 ml of H2o used to extract particulate Na and Mg from 
Whatman 41 filters, approximately 88% is recovered, the rest remaining 
in the filter. Taking this into consideration and using the mean amount 
of Na and Mg recovered from sample filters #14 and 15 the data in Tables 
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Table 8. Extraction of particulate Na and Mg from atmospheric particulate sample 
No. 14. (Blan k subtracted) 
Solvent Time µg Na/cm2 .ug Mg/cm2 .ug Na/ cm2 .ug Mg/cm 2 Sample No. 
14 Section Min Extracted Extracted Ashed(L.T.A.) After Extraction 
tlo. 
0. lN HN03 0. 795 0. 190 
3 3 0.872 0.215 0.250 0.232 ' 
5 5 0. 770 0.1 93 
7 7 0.790 0.205 0.180 0.232 
Mean 0.807 0.201 0.215 0.232 
±0.045 ±0 .012 :!:0 . 049 ±0 .023 
2 DD H2o 0.787 0.178 0.165 0.236 
4 3 0.800 0.203 
* * 6 5 0.824 0.185 0. 404 0.418 
8 7 0.816 0. 192 
Mean 0.807 0.190 0.165 0.236 
±0 . 017 ±0.0ll ±0 .017 ±0 .024 
mean (H2o) 0.807 0.195 0.198 0.233 
+0.1 N HN03) ±0.03 ±0 . 01 ±0.05 ±0.002 
*Possible contamiQation. Values not used when means calculated . 
35 
Table 9. Extraction of particu l ate Na and Mg from atmospheric particulate sample 
No. 15 (Blank subtracted) 
-------
-2 -2 -2 1,.;g Mg cm- 2 Sample Solvent Time µg Na cm ;.ig Mg cm µg Na cm 
No. 15 Min Extracted Extracted Ashed (LTA) after Extraction Section 
No. 
0. l N HN03 2.22 0. 289 0. 207 0 .210 
3 3 2. 25 0. 290 
5 5 2.06 0.273 0. 194 o. 150 
7 7 2. 20 0.290 
Mean 2. l B 0.286 0.201 0.1 BS 
±0 .084 ±0 . 00B ±0 .009 ::0 . 035 
2 DD H20 2.04 0. 177 
4 3 2 . 11 0. 263 0. 207 0. 316 
6 5 2.33 0.293 
B 7 2. 21 0.284 0.207 0.199 
Mean 2.17 0. 254 0.207 0.258 
::0. 126 ::0.053 ::0 . 021 ::0 .083 
Mean (H2o +- 2. 18±0.10 0.270±0.04 0 . 204±0 . 01 0.222::0.07 
O. lN HN03) 
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8 and g indicate that ultrasonic extraction is essentially 100% efficient 
for removing Na but only 50-60% efficient for Mg. 
Meteorological data compiled during sampling indicate that sample 
l4 and 15 are 11mixed 11 samples, i.e. winds shifted from marine to land 
during the sampling periods. Sample 15 has a greater marine fraction in 
it than sample 14. Considering the above, it is likely the poor extraction 
of Mg is due to a significant fraction of Mg of crustal origin. These 
alumino-silicate matrix particles are much less soluble in welter illld 
Q.lN HN03 than sea salt particles. This also explains why a lower 
percentage of Mg was extracted from sample 14. 
d. Efficiency of recovery of me extraction for particulate Na 
and Mg 
To determine whether a second extraction might solublize more 
of the crustal Mg(and Na)left in the Whatman 41 filters the following 
experiment was conducted. 
Fifty ml of distilled deionized water, measured volumetrically, was 
used to extract particulate Na and Mg from 3 Whatman 41 filter blanks 
and duplicates of 4 atmospheric samples. The blanks and sample were 
quarters of 20x25 cm double Whatman 41 cellulose filters . The extraction 
was carried out for 2 minutes using an ultrasonic cleaner. The volume 
of extract recovered was determined by weight. Then another 10 ml of 
distilled deionized water was used to re-extract the filters in order to 
determine the efficiency of the first extraction. Again the volume 
recovered was determined by weight. The results (Table 10), were pre-
sented as percent recovery of the volume of solvent used and of the Na 
and Mg recovered from the first extraction. As shown, the percentage of 
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Table 10. Efficiency of extraction of atmospheric Na and Mg from 
Whatman 41 filter using an ultrasonic cleaner and DD H20. 
sample No. % of total H2o % of total Na % of total Mg 
recovered on first recovered on first recovered on first 
extract extract extract 
Blank 500 87 77 73 
II 501 85 79 
II 502 84 77 68 
mean (blank) 85±1 .5 78±1 .2 71 ±3.5 
23A 88 87 84 
238 87 87 83 
24A 88 87 82 
248 88 86 82 
26A 88 86 83 
26B 88 86 83 
27A 91 91 90 
278 91 89 88 
mean 89±1 .5 87±1 .8 84±3.0 
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the Na and Mg recovered is very close to the percentaoe of the volume of 
water recovered after the first extraction. This result suggests that 
one extraction is sufficient to obtain all the soluble Na and Mg collected 
on the Whatman 41 filters, if the volume of water remaining in the filter 
after extraction taken into consideration. 
Atmospheric particulate samples collected on Whatman 41 filters for 
this project were therefore extracted ultrasonically only once using 50 ml 
of distilled deionized water . The amounts of Na and Mg recovered were 
calcul ated on the basis of the total volume of solvent used. 
2. Sample Analysis 
a. Atomic absorption 
Dry fallout, rainfall and total fallout samples were analysed 
for Na and Mg using Perkin Elmer Atomic Absorption Spectrophotometer 
Mod=ls 360 and 303. Acetylene-air flame atomic absorption procedures 
were used. Depending on the concentration range of samples, burner heads 
of sizes l ", 211 and 4 11 with one or three slots were used. Burner heads 
were sometimes turned at 45° or 90°, depending on the concentration 
of the samples, so as to remain within the linear region of atomic 
absorption. Perkin-Elmer Intensitron lamps were used, and wavelengths 
of 589 nm for Na and 285 nm for Mg were utilized. During analysis 
standards were prepared every other day from Copenhagen standard sea 
water, of salinity equal to 35°/oo. This corresponds to a Na concen-
tration of 10772 ppm and a Mg concentration equal to 1297 ppm (R. 
Pytko1<Jicz and D. R. Kester 1971). 
Typical calibration curves for Na and Mg are given in Figures 3-4. 
Calibration curves ·used in determining unknown concentrations were computed 
Figure 3. A typical calibration curve of Na aconcentration versus 
absorbance, with burner head rotated at 90°. 
39 
0 
(0 
-
_J 
' O'l 
E 
-
t:J 
z 
0 v 
Q) 0 
> en 
"-
::J 
-u c 
"C "C 
-
(J) 
(j) -c 
-c 0 
"-
z 
"C 
c 
_J 0 (J) C\J 
<l: <.O .c 
u f'() "-(J) 
a.. .. c 
>- <l: "-::J 
I- <I m 
3:>N\18~0S8\1 
Figure 4. A typical calibration curve of Mg concentration versus 
absorbance, with burner head rotated at 45° . 
w 
u 
z 
<! 
CD 
0:: 
0 
Cf) 
CD 
<! 
0.06 
0.04 
0.02 
0 
0 
TYPICAL Mg Std. Curve 
A A: 365 
Burner head rotated at 45° 
0.2 0.4 
Mg · (mg/L) 
0 .6 0.8 
.j:::. 
0 
41 
using a Texas Instrument SR-51 -II Electronic Calculator programmed for 
a sta ndard least squares, linear regression analysis. The computed 
slope and intercept from the program were used to determine unknown 
concentrations. In general, the use of this calibration curve was restricted 
to correlation coefficient values ~ 0.996. Standards were run at the 
beginning, at the end and in between sample analyses. 
b. Sampling and analytical precision 
Since in this work, in general, duplicates and triplicates of 
samples were collected, the overall analytical plus sampling precision· 
in % were calculated from the standard deviation and mean of these replicate 
analyses. The analytical precision for Na and Mg analyses were 5.7% and 
5.4% respectively. 
I I RESULTS I . 
A. General Considerations 
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The results of the analyses of dry fallout, rain and atmospheric 
particulate samples collected in this study are given in Table 12-22. 
Except for samples 3,4,5,6 and 10 and samples collected aboard RV/Trident 
(Table 18), all samples were collected over a 24 hour period continually 
from April 15 to June 28, 1976. Samples collection information is shown 
on Table II. 
B. Classification of Samples 
After studying the meteorological data compiled during sampling, 
dry fallout, rainfall and atmospheric samples were divided into 3 
different categories depending on the local surface wind direction during 
the sampling period (Fi~. 5). Samples collected while the wind direction 
was between 0900. and 230° were considered "marine" samples and were 
designated s.samples collected within the sector 230°-010° were considered 
"land" samples and were designated L. Samples collected while the wind 
was blowing from near the boundary between the land and marine sectors 
and/or where the wind direction shifted from the marine to the land 
sector or vice versa were considered "mixed" samples and were designated 
S/l. To this category, samples collected within the sector 010°-090° were 
also included. These 3 different sets of samples could be considered 
to represent 3 different meteorological subenvironments of the coastal 
Rhode Island environment depending on the local wind conditions 
1. Atmospheric Concentrations and Dry Deposition 
a. Coastal Rhode Island 
• ) II l Marine", "Mixed"and "Land" Samples 
The rate of dry fallout for Na and Mg, the Mg/Na ratios, the 
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Tablell. Samples collection information 
Experi- Sample Sample type Date of Collection Volume+ 
ment No. No. collection time(hours)of air 
(m3) 
3 S3 (Marine)m.r. 12/15/75 
4 L4 (Land )m.r. 12/17/75 
5 S/L5 (Mixed )m.d.f. 12/29-30/75 23.3 
6 S6 (Marine)m.r. 12/ 30-31 /75 
10 S/LlO (Mixed )m.d.f. 2/24-26/76 45.3 
13 Ll3 (Land )a.d.f. 1/15-lQ/76 93.5 
14 178,179 (Mixed )a.d.f. 4/ 20- 21 /76 24.0 
II 17a, 14b ( II )atmospheric II II 1752 
15 190,191 (Mixed )a.d.f. 4/21-22/76 23.3 
II 15a,15b ( II )atmospheric II II 1742 
16 200,201,202 (Land )m.r. 4/22-23/76 
17 204, 205 ( II )m.d.f. 4/23-24/76 22.5 
II 17a,17b ( II )atmospheric II II 1651 
18 208,209,210 (Mixed )m.r. 4/24-26/76 
1 9 211,212,213 (Land )m. r . 4/ 26-27 /76 
20 215,217,219 ( II )m. r. 4/27-28/76 
21 221,222,223 ( II )m.d.f. 4/28-29/76 23.5 
II 21a,21b ( II )atmospheric II II 1763 
22 224,225,226 ( II )m.d.f. 4/29-30/76 24.0 
II 22a,22b ( II )atmospheric II II 1764 
23 227,228,229 (Marine)m . r. 5/1-2/76 
24 233,234,235 (Marine)m.d.f. 5/2-3/76 23.5 
II 24a,24b ( II )atmospheric II II 171 6 
25 23,237 (Land )m.d.f. 5/ 3-4/76 24.0 
II 25a,25b ( II ) a tmosp heri c II II 1752 
26 238,239 (Mlxed )m.d.f. 5/ 4-5/76 23.0 
II 26a,26b ( II )atmospheric II II 1691 
27 240,241 (Marine)m.d.f. 5/ 5-6/76 25.0 
II 27a,27b ( II )atmospheric II II 1825 
28 244,245 (Marine)m.r. 5/7/76 
29 249,250 (Land )m .d. f. 5/8-9/76 22.5 
II 29a,29b ( II )atmospheric II II 1530 
30 251 '252' 253 (Mixed )m.d. f. 5/9-10/76 22.5 
II 30a,30b ( II )atmospheric II II 1688 
31 254,255 (Mixed )m.d.f. 5/10-11 /76 22.75 
II 3la,3lb ( II )atmospheric II 15 1010 
32 256,257 (Marine)m.r. 5/11-12/76 
33 258,259 (Mixed )m.d.f. 5/12-13/76 25.0 II 33a,33b ( II )a tmos pheri c II II 1675 
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Table 11 (Continued) 
Experi- Sample Sample Type Date of Collection Volume+ 
rnent No . No . collection time(hours)of a~r (hours) (m ) 
34 260, 261 (Marine)m.d .f. 5/13-14/76 21. 5 
II 342, 34b ( II )atmospheric II II 1570 
35 262,263,265 (Mixed )a.d.f. 5/14-15/76 23 . 0 
II 352,35b ( II )atmospheric II II 1564 
36 267,268 (Marine)a.d.f. 5/15-16/76 25.25 
II 36a,36b ( II )atmospher ic II II 1793 
37 266 (Marine)a.r. 5/17/76 
38 27 4*' 277* ' 278* (Marine)a.d.f. 5/17-1 .8/76 20.25 
II 38a,38b ( II )atmospheric II II 1377 
39 275,276 (Marine)a.d.f. 5/18-19/76 26.0 
II 392,39b ( II ) a tmo spheric II II 1742 
39 273 (Marine) rainfall 5/19/76 
40 282*,283* (Mixed )a.d.f. 5/ 19-20/76 20.5 
II 40a,40b ( II )atmospheric II II 1456 
41 284,285 (Mixed)dry fallout 5/20-21/76 24.0 
II 4la,4lb ( 11 )atmospheric II II 1584 
41 281 (Mixed)a .r. 5/ 21 /76 
42 286*,287* (Land )a.d.f. 5/21-22/76 24.7 
II 42a,42b (Land )atmospheric II Ill 1778 
43 288,289 (Land )a.d.f. 5/22-23/76 23.3 
II 42,43b ( II )atmospheric II II 1584 
44 291*,292* (Land )a. d. f. 5/23-24/76 24 .8 
II 44a,44b ( II )atmospheric II II 1637 
45 293,294 (Mixed )a.d.f. 5/24-25/76 21. 2 
II 452,45b ( II )atmosphe ric II II 1442 
46 297,298* (Mixed )a. d. f. 5/ 25-26/76 23.5 
II 46a,46b (Mixed )atmospheric II II 1598 
47 299,300 (Mixed )a.d.f . 5/26-27 /76 22.5 
II 47a,47b ( I I )atmospheric II II 1485 
II 296 (Land ) a. r. 5/27/76 
48 400*,401* (Mixed )a.d.f . 5/27-28/76 21. 0 
II 48a,48b ( II )atmospheric II II 1323 
49 402,403 (Mixed )a. d. f. 5/28-29/76 25.0 
II 49a,49b ( II ) a tmosp·heri c II II 1525 
50 306*,307* (Mixed )a.d.f. 5/29-30/76 23.0 
51 308,309 (Marine)a.d.f. 5/30-31/76 25.0 
52 311*,312* (Mixed )a .d. f. 5/31-6/1/76 20.75 
53 313,314 (Marine)a.d.f. 6/1-2/76 27.25 
Table 11 (Continued) 
Experi- Sample 
ment No. No. 
Sample type 
53 310 (Mixed )a.r. 
54 315*,316* (Land )a.d.f. 
55 317'318 (Mixed )a .d. f. 
56 319,320 (Mixed )a.d.f. 
57 321*,322* (Mixed )a .d. f. 
58 323,324 (Mixed )a.d.f. 
59 325,326 (Mixed ) a. d. f. 
60 327,328 (Marine)a.d.f. 
61 329,330 (Marine)a.d.f. 
62 333*,334* (Mixed )a.d.f. 
63 335,336 (Marine)a.d.f. 
II 332 (Marine)a.r. 
64 337,338 (Mixed )a.d.f. 
65 340,341 (Land )a.d.f. 
66 340,341 (Mixed )a .d. f. 
*The rates of dry fallout were arrived at by 
from the samples below, since these samples 
of the two. 
+ Pump mean flow rate= 70±l.(m3/h) 
m.r. =manually collected rain 
a.r. =automatically collected rain 
m.d.f.=manually collected dry fallout 
a.d.f.=automatically collected dry fallout 
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Date of Collection Volume+ 
coll ection time( hours) of air 
(hours) (m3) 
6/ 1-2/76 
6/2-3/76 22.0 
6/3-5/76 46 .0 
6/5-8/76 71. 5 
6/8-9/76 25.0 
G/9-11/76 44.5 
6/11-13/76 52.2 
6/13-15/76 44.8 
6/15-17/76 48.3 
6/17-18/76 22.0 
6/18-21/76 73.3 
6/19-20/76 
6/ 21-23/76 44.7 
6/23-25/76 48.8 
6/25-28/76 72.0 
subtracting values obtained 
actually represent a total 
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Figure 5. Coastal Rhode Island Sampling Site. 
47 
atmospheric concentrations of particulate Na and Mg and the mean wind 
speed for each sample were calculated and are presented in Tables 12-14. 
Least-squares linear regression analysis was used, for each category 
of samples, to evaluate the relationship between the wind speed and 
both the rate of dry fallout and the atmospheric concentrations of par-
ticulate Na and Mg. Intercepts, slopes and correlation coefficients 
calculated from these regression analyses were obtained and are also 
presented in Table 12-14. 
ii. "Corrected to Marine" samples 
Since over 50% of the total number of dry fallout and atmospheric 
samples were "mixed" samples, an attempt was made to recalculate the 
rates of dry fallout and atmospheric concentrations for the marine 
fraction of Na and Mg in these samples. Only "mixed" samples where 
the wind shifted from marine to land sectors or vice versa were chosen 
for this calculation. These constituted the majority of the "mixed'' 
samples category. Calculations were made using the following para -
meters determined for each samples: a) the time intervals during which 
the local surface wind was blowing off the ocean and off land; b) the 
rate of dry fallout for the land fraction of the samples. This rate 
was assumed to be a constant, not varying with wind speed and equal to 
the mean rate of dry fa 11 out calculated from the "land 11 subenvi ronment 
of the R.I. c~astal environment. (0.260xl0-12gNa/cm?sec and 0.215xl0- 12 
2 gMg/ cm. sec). The Na and Mg rate of dry fa 11 out for the marine fraction 
was then calculated as follows: 
( 2) 
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Table 12. Rate of dry fallout and atmospheric concentration of Na 
and Mg for "marine" samples 
sample Rate of Dry Fallout Mg/Na Atmospheric Mg/Na ~Ji nd 
# N~l2 Mg -1 Concentration Direction Speed 
l 0 g cm-? sec Natµ /m3) Mg (degrees) miles/hour 
524 4.60 0.690 o. 13 0.700 0.120 0. 17 150-180 13. 9 
:±. 0. 481 ±0.086 ±0.040 ±0.006 
527 7.73 l. 23 0. 16 2.84 0.370 0. 13 220-230 24. 
±1. 31 ±0 .157 ±0.015 ±0.020 
534 1 . 61 0.380 0.23 1. 51 0.205 0.13 180-230 8. 50 
±0.092 ±0.021 ±-0. 011 
536 l . 31 0.183 0.14 0.590 0. 105 0.18 100-170 7.4 
±0.325 ±0.045 ±0.086 ±0.005 
538 2.09 0.460 0.22 0.310 0.086 0.28 140-190 9.0 
±0.209 :i.0.046 ±0.050 .tO. 005 
539 5.66 0.792 0. 14 l. 50 0. 173 0. 12 150-230 14.0 
±1 .48 ±0.043 ±0 .086 ±0 .009 
551 l. 68 0.220 0. 13 140-230 7.0 
±0. 121 ±0.021 
553 3.87 0.580 0. 15 40-90 13. 3 
±0.387 ±0.059 
560 2.95 0.S30 0.18 200-230 13. 6 
±0.243 ±0 .074 
S61 2.67 0.454 0. 17 190-230 13. 7 
±0. 152 ±0.022 
$63 5.25 0.787 0. 15 160-230 11. 9 
±0 .299 ±0.042 
Mean 3.58 0.573 0. 16 1. 24 0.177 0. 17 12.4 
±2 .04 ±0.297 ±0.03 ±0.925 ±0. l 05 ±0.060 ±4.74 
Slope 2.04± 14.6±2 .18 5.50±1 .89 49.5::16.0 
0.370 
int. 5.07± 4.05±1 .39 - 5.98±2.83 4.07±3.21 
l. 51 
Corr. 0.88 0. 91 0.82 0.84 
Coeff. 
Form of regression equation: 
wind= slope X (rate of dry fallout or atmospheric concentration) + intercept 
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Table 13. Rate of dry fallout and atmospheric concentration of Na 
and Mg for "land'' samples 
sample 
# 
Rate of Dry Fallout Mg/Na 
Na Mg 
Atmospheric 
Concentration 
l0- 12g cm-? sec-l Na (µg/m3) Mg 
Ll3 0.420 0.285 0.68 
±0.024 ±0.015 
Ll7 0.220 0.210 0.95 0.043 
±0.008 ±0.022 ±0.011 
L21 0.240 0.280 1 .2 0.059 
±0.004 ±0.027 ±0.016 
L22 0.180 0.360 2.0 0.098 
±0.005 ±0.020 ±0.019 
L25 0.370 0.200 0.54 0.008 
±0.002 ±0.037 ±0.016 
L29 
L42 
L43 
* L44 
0.280 
±0 . 016 
0.188 
±0 . 01 9 
0. 176 
±0 .010 
0.110 
±0.050 
L54 0. 031 
±0.003 
L65 0.493 
±0.028 
Mean 0.260 
±0.129 
Slope 9.57 
int. 8.98 
Corr. 0.75 
Coe ff. 
0.260 
±0 .017 
0.109 
±0.015 
0.138 
±0 .007 
0.064 
±0.007 
0.090 
0.009 
0.222 
±0.012 
0.215 
±0.012 
12. 1 
8.85 
0.60 
0.93 0.085 
±0 .005 
0.58 0.068 
±0.004 
0.78 0. 024 
±0 . 001 
0.57 0.110 
±0.006 
2.9 
0.45 
1.1 0.055 
±0.73 ±0.030 
-11. 9 
12. l 
-0.26 
0.044 
±0.002 
0.034 
±0.002 
0.074 
±0.004 
0.005 
±0. 001 
0.054 
±0 .003 
0.051 
±0.003 
0.029 
±0 .001-
0.043 
±0.002 
0.042 
±0.020 
21. 3 
12.3 
- 0. 31 
Mg/Na Wind 
Direction Speed 
(degrees) miles/hour 
230-270 13.0 
1.0 300-320 12.0 
0.58 300-360 12.0 
0.76 260-300 11.0 
0.63 240-320 12.0 
0.64 270-300 12.6 
0.75 300-310 . 8.20 
1.2 300-310 12 
0.39 280-360 8.80 
310-360 8.6 
230-280 13. 2 
0.79 11.5 
±0.21 ±1.64 
*Not included in calculation of mean, slope, int and corr. coeff. 
Form of regression equation: 
wind = slope X (rate of dry fallout or atmospheric concentration( + intercept 
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Table 14. Rate of dry fallout and atmospheric concentration of Na 
and Mg for "mixed" samples 
sample Rate of Dry Fallout Mg/Na Atmospheric Mg/Na vJi nd 
# Na Mg Concentration Direction Speed 
-12 -2 -1 Na ( µg/m3) Mg (degrees) miles/hour 10 g cm sec 
S/L 5 0 .801 0.072 0.09 260-360+ 4.0 
±0.060 ±0 .012 160- 180 
S/LlO 1.11 0.246 0.22 200-300 12. 0 
±0 . 105 ±0 .031 
S/L 14a 0.780 0.550 0.70 0.450 0. 105 0.24 230-300 13. 7 
±0.044 ±0.062 ±0.026 0.007 30-60 
S/L 15 2.20 0.320 0. 15 1. 24 0.160 0.13 69-90 123 
±0 .161 0.016 ±0 .071 ±0 . 009 180-220 
S/L26 1.65 0.590 0.35 0.615 0.130 0. 21 240-290 14.8 
±0 .094 ±0 . 032 ±0 .035 ±0 .007 220-230 
S/L30 0. 540 0.330 0.60 0.640 0. 145 0.23 250-270 12. 8 
±0.036 ±0 .028 ±0 . 036 ±0 .008 160-190 
S/L31 2. 04 0.430 0. 20 2. 16 0.4~8 0.20 230 15. 7 
±0 . 172 ±0 . 039 ±0 .123 ±0 .088 160-200 
S/L33 0.650 0.340 0.52 0.235 0.080 0.34 280-310 7.3 
±0.076 ±0.018 ±0 .013 ±0.004 
S/L35 1. 20 0.330 0.27 0.760 0. 120 0. 16 220-240 15. 5 
±0 .068 ±o .'orn ±0 .043 ±0 .006 
S/L40 2.53 0.455 0. 18 0.557 0. 108 0. 19 220-250 17.7 
±0 .370 ±0 . 072 ±0 .032 ±0 .006 280-300 
S/L41 0.943 0.330 0.35 1. 06 0 .175 o. 17 250-300 7.0 
±0 .125 ±0 .018 ±0.060 ±0 .009 300-50 
S/L45a 1. 83 0.329 0.18 0. 723 o. 133 0. 18 30-70 20.6 
±0 .131 ±0 . 045 ±0 .041 ±0 .007 
S/L46a 1.14 0.227 0.20 1. 28 0. 195 0. 15 360-60 10. 9 
±0 .383 ±0 .047 ±0 .073 ±0 . 011 
S/L47 0.659 0.152 0.23 0.606 0.116 0. 19 220-230 8.3 
±0 .250 ±0.008 ±0.035 ±0.006 270-340 
S/L48 0.219 0.624 2.9a 0.280 0. 109 0.39 250-360 7.3 
±0.075 ±0 .057 ±0.016 ±0 .006 160-260 
S/L49 +0.636 0.146 0.23 0.393 0.109 0.27 230-260 8.4 
-0 .036 ±o.oos ±0 .022 ±0.006 160-230 
S/L50 l. 57 0.315 0.20 l 20- 160 4.8 
±0 .089 ±0 .017 360-80 
S/L52 0.886 0. 195 0.22 180-240 7.0 
±0.090 ±0 .020 290-80 
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Table 14. (Continued) 
S/L55 o. 349 0. 122 0.35 120-360 8.3 
±0. 091 ±0.01 8 
S/L56 0.624 0. 256 0.41 180-300 16. 6 
_0.062 ±0.016 
S/L57 0.586 0.?. 34 0.40 230-240 7.7 
±0.060 ±0.030 230-270 
S/L58 l. 20 0.540 0.45 160-220 5.9 
:!. 0.068 ±0. 048 230-250 
S/L59 0. 849 0.297 0.35 230-360 14.0 
±0.048 ±0. 040 200-230 
S/L62 l.85 0.462 0.25 160-240 9.9 
±0.020 ±0.050 230-29 
S/L64 l. 74 0. 261 0. 15 180-240 11. l 
±0. 170 ±0.014 
S/L66 0.347 0.108 0. 31 270-300 8.6 
±0.020 ±0.006 170-230 
Mean l. ll 0 .318 0.30 0.786 0. 151 0.22 l 0. 6 
±0.627 ±0.151 ±0. 15 ±0 .510 ±0.085 ±0.07 ±4 .10 
Slope 3.50 8. 82 2. 15 10. 8 
int. 6. 77 7.87 l 0. 6 l 0. 7 
Corr. 0.53 0.32 0.26 0.21 
Coe ff. 
a 
not included in ca lcul a ting the mean of Mg/Na. 
Form of regression equation: 
wind = slope X (rate of dry fallout or atmospheric concentration) + intercept 
where = 
= 
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corrected rate of dry fallout in g x lo- 12cm- 2sec-1 
for Na or Mg. 
rate of dry fallout for a "mixed" sample in gxlO-l~ 
cm- 2sec-l for Na or Mg. 
FL = assumed rate of dry fallout for "land" fraction 
= 0.260xlo- 12gNa/cm2/sec 
-12 2 
= 0.215xl0 gMg/cm /sec 
= total sampling period in seconds for a "mixed" 
sample. 
tl = time in seconds where wind was blowing off the land. 
tM = time in seconds where wind was blowing off the ocean. 
Using a similar approach the atmospheric concentrations of parti-
culate Na and Mg for the marhe fraction of 11 mixed" atmospheric samples 
were calculated as follows: 
( 3) 
where CCM = corrected atmospheric concentration of Na or Mg in 
Mg/m 3. 
CML = concentrations of atmospheric particulate Na or Mg 
in ug/m3 for a 11mixed 11 sample. 
= assumed concentration of Na or Mg in ug/m3 for the 
land fraction of the sample = 0.055 ugNa/m3; 
0.042 ugMg/m3 (mean concentrations of particulate Na 
and Mg calculated from land subenvironments of R.I. 
coastal environment (Table 12) . 
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The "corrected-to-marine 1' rates of dry fallout, and atmospheric 
concentrations for particulate Na and Mg, the corrected Mg/Na ratios, 
and the wind speeds during sampling of the marine fractions of the 
"mixed" samples are given in Table 15 . Correlation between these 
values and wind speed as well as sl_opes and intercepts from linear 
least square regression analysis are also tabulated in Table 15. These 
same parameters were recalculated for the total sample population after 
the "marine" samples were combined with the "corrected to marine" 
samples (Table 16) . 
Since "mixed" samples collected within the wind sector 010-090° 
showed a different trend from the rest of "rnixed'1 samples, they were 
l isted separately in Table 17 . Since samp le 14 has a continental 
fraction, it was corrected to the 010-090° sector. 
b. Samples collected aboard RV/Trident 
Dry fallout samples were collected during cruise #169 from Narragan-
sett to Bermuda to Narragansett in June-July 1975 . The rates of Na 
and Mg dry fallout were calculated for the samples and are reported 
along with surface wind speed, in Table 18. Fig . 6 shows the stations 
where these samples were collected. 
C. Deposition velocity for particulate Na and Mg 
The deposition velocity was defined earlier in Chapter I. Na and 
Mg deposition velocities in cm/sec calculated for samples collected 
in the three sampling categories ("marine", "land", and "mixed") and for 
the"corrected to marine" samples are given in Table 19 . The mean Na 
and Mg deposition velocities for each subenvironment and the overall 
mean for the R. I . coastal environment are also presented in Table 19 . 
Table 15. Corrected-to-Marine rate of dry fa 11 out and atmospheric 
concentrations of Na and Mg for "mixed" samples 
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Mg/Na Wind sample Rate of Dry Fallout Mg/Na 
# Na Mg 
Atmospheric 
Concentration Direction Speed 
-12 -2 -1 Na 3 Mg (degrees) miles/hour 
Cl 0 
C26 
C31 
C35 
C40 
C47 
C49 
C52 
C56 
C58 
C59 
C62 
C64 
Cmean 
Slope 
int. 
Corr. 
Coeff. 
l 0 gem sec 
3.52 0.590 
±0 .333 ::0 .074 
6.65 1.94 
:!. 0.379 ±0 .105 
5.02 0.790 
±0.423 ±0 .072 
4.80 0.526 
±0.274 ±0 .028 
4.10 0.625 
±0.600 ±0.099 
1.54 O.Ol3a+ 
±0.584 ±0.001 
0.886 0.104 
±0.051 ±0.006 
l. 70 0.203 
±0.173 ±0.021 
1.12 0.297 
±0.064 ±0 .019 
1.61 0.682 
±0.092 ±0.061 
1.66 0.410 
±0.095 ±0.055 
2.15 0.509 
±0 . 232 ±0.055 
2.04 0.279 
±0.204 ±0.014 
2.83 0.579 
±1 .80 ±0.476 
2.72±0.311 8.55 ±2 .15 
4.94±1 .03 8.17±1 . 58 
0.94 0.78 
(µg/111 ) 
0. 17 
0.29 2.63 
±0 . 150 
0.16 5. 69 
±0.324 
0.11 2. 82 
±0. 161 
0.15 0.913 
±0.052 
0.01 1.83 
±0. 104 
0.12 0.600 
±0.034 
0. 12 
0.27 
0.42 
0.25 
0.24 
0. 13 
0.447 
L0 .024 
l. 08 
±0.222 
0.441 
±0.024 
0. 155 
±0.008 
0.280 
±0.015 
0.150 
±0.008 
0.20 2.41 0:426 
±0.099 ±1.83 ±.346 
2.21 ±1.40 11.4±7.54 
- 1 0. 3 ±4. 11 10.8±3. 99 
0.62 0.60 
200-230 
0. 17 220-230 
0.19 160-200 
0. 16 220-230 
0.17 220-230 
0.15 220-230 
0.25 160-230 
180-230 
180-230 
160-220 
200-230 
160-230 
180-230 
a+ ~s not included in the calculation of the mean, std deviation, slope, 
intercept, and the correlation coefficient. 
Form of regression equation: 
12. 0 
24.0 
21. 0 
17.3 
15.0 
7.0 
9.5 
8.4 
11. 6 
8.0 
8.50 
11. 0 
11. 1 
12.6 
±5.25 
Hind = s l 
ope X (rate of dry fallout or atmospheric concentration) + intercept 
Table 16. "Marine" samples and "Corrected-to-marine" samples -
Correlation with wind speed 
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Dry Fall out 
Mg 
Atmospheric Concentration 
Na 
# of samples 24 
Mean Wind Speed miles/hour 12.6 
Mean Rate of dry fallout or 3.18x]o-12 
-2 -1 Atmospheric concentration gmcm sec 
Slope 2.20±0.24 
intercept 5.4±0. 9 
Correlation Coefficient 0.88 
Form of regression equation: 
Na Mg 
23 12 
12. 7 14 .4 
0. 576xlo-12 l .83 
-2 -1 3 gmcm sec µg/m 
12 
14.4 
0. 301 
3 µg/m 
10.1 ±1.5 2. 80±0.96 14.0±5.6 
7.1±1.0 9.1±2.2 10.0±2.3 
0.80 0.68 0.62 
wind= slope X (rate of dry fallout or atmospheric concentration) + intercept 
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Tab 1 e 1 7. Rate of dry fallout and atmospheric concentrations of 
Na and Mg. Wind direction 010°-090° 
Rate of dry fallout Mg/Na Atmospheric Mg/Na Wind 
Sarnp 1 e No. Na -12 2M<J Na Mg Speed 
10 gm/cm /sec - (µg/m3) mil es/ hour 
14 1. 30 0.885 0.68a 0.845 0.168 0.20 13.7 
45 1.83 0.329 0.18 0. 723 0. 133 0. 18 ?.O .G 
46 1. 14 0.227 0.20 1. 28 0. 195 0. 15 10.9 
50 1 . 57 0.315 0.20 4.8 
mean 1. 46 0.439 0. 19 0.946 0. 165 0. 18 12.5 
aNot included in calculating the mean because there is a possible error 
while adjusting the rate to the 010-090° sector. 
57 
Table 18. Atmospheric flux of Na and Mg to the North Atlantic Ocean 
(R/V Trident samples) 
station Samples 
No. 
Date Location 
Flux 
Nae Mgc Mg/Na Wind Speed 
(gxl 0-12cm-2sec-l) miles/hour 
TR1-TR2 6/24-25/75 37.46N-69.24W 53 . 6 6.81 0. 13 27.0 
35. 27 . 7N-67. 31~ 
2 TR3-TR4 6/25-27/75 35 . 2N-67.2W 5. 65 0.632 o. 11 16. 0 
31 . 54N-64.5rn 
3 TR5-TR6 6/27-29/75 32 . 03.6-67.2W 3.80 0.513 0. 14 12 . 0 
32 .1 0 . 6N-64.4~1 
* * 4 TRlO 7/3-6/75 28.38N-64.3W 3. 40 0.408 0. 12 13.0 
29 .42N-64 . 55W 
·~: 
* 1Q-r25b 5 TRll 7 /6-8/75 30.18:9N-65.32W 35 .4 4.25 0. 12 
33.46N-66.56W 
TR13a * * 6 7/10-11/75 38 . 39N-69.40W 52 . 6 6. 31 0. 12 22.0 
41 . l 9N -71. 18W 
* * 7 TR14 7/10-11/75 II II 51. 6 6.20 0. 12 22.0 
a-0.025 cm rain shower collected . Sample represents a total fallout . 
b-Within the last 24 hour of experiment the mean wind speed reached 25 m/h . 
*-Na calculated from the Mg data using the 0.12 Mg/Na ratio 
c-Precision is ±20% . 
Table 19. Deposition velocities for atmospheric Na and -Mg 
sample 
V ,Na V g ,M~ l ~vi nd Speed g -1 
miles/hour 
Ll7 
L21 
L22 
L25 
L29 
L42 
L43 
L44 
MeanL 
524 
S27 
S34 
S36 
S38 
S39 
Mean5 
S/L 14 
S/L 15 
where: 
cmsec cmsec 
5. 1 4.8 
4. 1 8.2 
1.8 4.9 
3.3 4.8 
2.8 2. 1 
7.3 4.8 
1. 0 1. 5 
3.6 4.4 
±2. 1 ±2. 1 
6.6 5.8 
2.7 3.3 
1.1 1. 9 
2.2 1. 7 
6.7 5.3 
3.8 4.6 
3.9 3.8 
±2.3 ±1. 7 
1. 7 5.2 
1. 8 2.0 
L ="land" samples 
S = "marine" samples 
S/L = "mixed" samples 
12.0 
12.0 
11. 0 
12.0 
12.6 
8.2 
12.0 
8.8 
13.9 
26.0 
8.5 
7.4 
9.0 
14.0 
13.7 
12.3 
Sample 
S/L 30 
S/L 31 
S/L 33 
S/L 35 
S/L 40 
S/L 41 
S/L 45 
S/L 46 
S/L 47 
S/L 48 
S/L 49 
MeanS/L 
c 26 
c 31 
c 35 
c 40 
c 47 
c 49 
Meanc 
Mean 
L+S+S/L+C 
C = "corrected-to-marine" samples 
VCJ , Na 
. -1 
cm sec 
0. 84 
0.94 
2.8 
1. 6 
4.5 
0.89 
2.5 
0.89 
1. 1 
0.78 
1. 6 
1.8 
± 1. 1 
2.5 
0.88 
1. 7 
4.5 
0.84 
1 . 5 
2.0 
±1. 4 
2.4 
±1. 6 
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v9 ,Mg_ l Wind Speed 
cm sec miles/hour 
2.3 12.8 
1. 0 15. 7 
4.2 7.3 
2.8 15. 5 
4.2 17. 7 
1. 9 7.0 
2.5 20.6 
1 . 2 1o.9 
1. 3 8.3 
7.3 
1. 3 8.4 
2.6 
±1.4 
4.3 14.8 
0.73 15. 7 
1. 2 15. 5 
4.0 15.0 
7.0 
0.69 9.5 
2.2 
±1.8 
3.0 
±1. 6 
Figure 6. R/V Trident Cruise #169, sampling stations. 
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2. Rainfall Samples 
Similar to dry fallout and atmospheric samples, rainfall data were 
categorized into 3 different classes designated (S) 11 marine 11 , (S/L) 
"mixed 11 and (L) 11 land" samples depending on the wind direction 
during sampling. The rain depth in cm, the concentration of Na and 
Mg in mg/l, the total deposition inµg/cm 2, the Mg/Na ratio and the 
mean wind speed for each rainfall sample and for each category of 
rain samples were given in Table 20-22. Intercepts, slopes and 
correlation coefficients obtained from least square linear regression 
analysis used for each category of samples, to evaluate the relation-
ship between wind speed and the concentration of Na and Mg in rain 
water, are also given (Table 20-22). 
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Table 20. Na and Mg in "marine" rain samples 
sample Date Sample h Na Mg Na Mg Mg/ Wind Type cm 
mg/l Total ~eposition/ Na Mil es/hour µg/ cm . rain 
53 l 2/ 15/ TM 0.25 3.28 0.370 0.819 0.098 0. 12 7.60 
75 ±0.328 ±0.037 ±0 .082 ±0 . 01 
56 12/ 30- TM l. 4 0.613 0.074 l. 02 0.125 0. 12 5.50 
31/75 ±0 .086 ±0.023 ±0. l 09 ±0.013 
523 5/12 TM 2.7 2.82 0.379 6.02 0.809 
76 ±0 .460 J..0 . 039 i 0.982 .!..0 .089 
528 5/7/ TM 0.45 l. 75 0.300 0.795 0. 136 0. 17 11. 7 
±0 .050 ±0.00 ±0.033 ±0.00 
532 5/11/12/ TM 0.87 0.920 0. 133 0. 801 0.116 0. 14 10. 5 
76 ±0 .092 ±0 .010 ±0 .080 ±0 .009 
537 5/17/ RA l.8 0.600 o. l 00 l. 05 0.179 0. 17 9. l 0 
76 ±0 .060 ±0 . 010 ±0 . l 05 ±0 .018 
539 5/19/ RA 0.35 l. 50 0. 250 0.493 0.082 0. 17 9.00 
76 ±0.500 ±0.025 ±0.175 ±0.009 
* 563 6/19/20/ RA 0.43 3.00 0.410 0.974 0. 133 o. 14 11. 9 
76 ±0 .300 ±0.041 ±0.097 ±0.013 
Mean l. l l. 62 0. 238 l. 70 0.248 0. 15 l 0. 0± 
±0.88 ±0 .77 ±0.140 ±2 . 07 ±0.294 ±0.018 2.42 
Slope 1.87±0. 70 14. 3±4. 7 
Int. 7.04±1.29 6.66±1.26 -
Corr. 0. 77 0. 81 0.46 0.48 
Coe ff. 
T =Total fallout, R = Rainfall 
M =Manually collected sample; A= samples collected using the automatic 
rain dry fallout collector 
* Thunderstorm 
Sample 53 was not included in the calculation of the mean and regression 
analysis. 
Form of regression equation: 
wind = (slope X rain concentration) + intercept 
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Table 21. Na and Mg in "mixed" rain samples 
sample Date Sample h Na Mg Na Mg Mg/ Wind 
Type cm mg/l Total ~epo?ition Na Miles/hour 
JJ g/ cm • rain 
S/L 18 4/24-26 TM l. 03 1. 23 0.224 1. 19 0.216 0.18 20 
76 ±0. 057 ±0.000 ±0. 059 ±0.00 
S/L4la 5/21/ * RA 0. 520 0. 900 0.200 0.504 0.112 0.22 11 
76 ±0. 100 ±0. 020 i 0. 056 ±0. 011 
* S/L53 6/ 1-2/ RA 1.45 0.380 0. 060 0.509 0.080 0. 16 13. 3 
76 ±0.040 i 0. 006 ~ 0. 051 1 0.008 
Mean 1. 0 0. 837 0. 161 0.759 0. 141 0. 19 14.8 
±0.466 ±0. 429 ±0. 089 ±0. 437 ±0.079 ±0.03 ± 4.68 
Sl ope 6. 78 21. 1 
I nt . 9. 09 11.4 
Corr. 0. 621 0. 400 
Coeff . 
T =Total fallout, R =Rain 
M =Manually collected sample ; A= Sample collected using the automatic rain 
dry fallout collector 
* Thunders to rm 
a Thundershoweroccurredwithin one hour (15 :00-16 :00) on 5/21. 
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Table 22. Na and Mg in "land" rain samples 
Sample Date Sample h Na Mg Na Mg Mg/ Wind 
No. Type cm mg/l Total Qeposition Na Mi 1 es/ hour 
cm2.rain 
L4 12/17 I TM 1. 4 1. 92 0.260 1. 03 0. 143 0. 14 14.0 
75 ±0.010 :iO. 010 ±0. 043 ±0 . 003 
Ll3 4/16/ RA 0.25 0.650 0.350 0.163 0.086 0.53 12.0 
76 ±0·. 065 ±0.035 ±0.016 ±0.009 
Ll6 4/22 - RM 0.35 1. 00 0.300 0.350 0. 105 0.30 13.3 
23/76 ~o .OGO 10 . 010 10 .0?. l 10.00~ 
Ll9 4/ 26-27 RM 0.08 0. 380 0.200 0.029 0. 015 0.52 15.0 
76 ±0. 040 ±0.020 ±0.003 ± .002 
L20 4/27~28 RM 0.30 0.250 0.046 0.075 0.014 0. 18 13. 4 
76 ±0.046 ±0.003 ±0.014 ±0 . 001 
* L47 5/27 I RA 0.04 2.00 0.440 0.085 0.019 0.22 8.0 
76 ±0.200 ±0.044 ±0.009 ±0 .002 
Mean 0.40 1. 03 0.266 0. 289 0.064 0.315 12.6 
Slope 
Int. 
Corr. 
Coe ff. 
T = Total fallout 
R = Rai nfa 11 
±0.50 ±0.763 
-1. 79 
14.5 
-0.553 
=Manually collected samples 
j 0. 135 ±0.380 ±0.055 ±0. 171 
-12.8 
16. 0 
-0.703 0. 277 0.257 
M 
A 
* 
=Samples collected using the automatic rain-dry fallout sample 
Thunderstorm occurred only within 5 minutes . 
Form of regression equation: 
wind = (slope X rain concentration) +intercept 
±2.46 
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IV. DISCUSS ION 
A. The Rate and Processes of Remova 1 of Atmospheric Sea Sa 1 t 
i'. Dry Removal of Atmospheric Sea Salt 
a. The rate of dry fallout and atmospheric concen-
trations of Na and Mg for samples collected in 
the "marine", "mixed" and "land" subenvironments 
of the Coastal R.I. environment 
The means of the rates of dry fallout in gxlo- 12;cm2/sec and 
atmospheric concentration in ug/m3 for Na and Mg collected in the 
3 subenvironments of coastal R.I. environment are shown in Table 23. 
Valt,1es obtained from "corrected to marine" samples are also 
included. As expected,these data indicates clearly that the ocean 
is the major source of atmospheric Na and Mg in coastal Rhode Island. 
Sea salt particles produced by bubbles bursting at the ocean surface are 
carried by the prevailing winds in the atmosphere. Since they have residence 
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Table 23. SuJTBnary table for rain and dry fallout samples collected 
in coastal Rhode Island* 
Sample Mean Rate of Mean Mean Atmospheric cone. Mean Mean cone. 
Type dr.}'.'. fallout of rainfall 
Na M~ Mg/Na Na ( lJg/m3) 
Mg Mg/Na Na Mg 
(gmxlo-12/cm sec) (mg/l ) 
Marine 3.58 0.573 0 .16 1. 24 0.177 0. 17 1.62 0.238 
Carree- 2.83 0.579 0. 20 2.41 0.426 0.18 
ted-to-
marine 
Mixed l . ll 0.318 0.30 0.786 0. 151 0.22 0.837 0.161 
Land 0.260 0.215 1.1 0.055 0.042 0.79 1.03 0.266 
*For standard deviations of the mean see individual data tables. 
Mean 
Mg/Na 
0. 15 
0. 19 
0.32 
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times of a few minutes to a few days depending upon their size, (Junge, 
1963), they are ultimately removed from the atmosphere by dry fallout 
and rainfall to the ocean surface, coastal areas and some smaller 
fraction to in~and zones. The higher dry removal rates and atmospheric 
concentrations shown for "mixed" samples compared to "land" samples 
is due to the marine fractions in these samples. This is clearly 
demonstrated by the fact that "corrected-to-marine" samples show 
values comparable to marine samples. 
The correlation coefficients for the rates of dry fallout or 
atmos pheric con~entration for Na or Mg versus wind speed are above 
0.80 for the "marine''samples category (Table 12). These are significant 
correlations at the 1% level, i.e. a 99% probability that a real corre-
lation existsbetween these variables (Fisher 1958). A plot of wind 
speed versus the atmospheric concentrations and wind speed versus the 
rate of dry fallout for Na and Mg are shown in Fig. 7-8 respectively. 
The regression equations for the resulting lines obtained in Fig. 7 and 
Fig. 8 are: 
Atmospheric concentrations (w.g /m3) versus wind speed (miles/ hour) 
Wind = 5.5 x Na + 6.0 ( s ) 
Wind(s) = 50 x Mg + 4.1 
(4) 
(5) 
Rate of dry fa 11 out ( 1 o-12gcm- 2 sec- 1 versus wind speed (mil es/hour) 
~/ind ( S) = 2. O x Na + 5. l 
Hind ( S) = 15 x Mg + 4. 1 
( 6) 
( 7) 
The intercepts in these equations represent the wind speed in miles/ 
hour at which Na and Mg rate of dry fallout or atmospheric concentration 
are equal to zero. This zero Na or Mg intercept may be explained as 
the minimum wind speed above which white caps (which produce the atmos-
Figure 7. Atmospheric Na and Mg concentration vs. wind speed 
("marine" samples). 
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pheric sea salt) are formed on the ocean surface. However, the 
approximate speed of 5 miles/hour (2.2 meters/sec) calculated from 
equations 4-7 appears too low for this. According to the Beaufort wind 
scale white caps begin to form at wind speeds of 8-12 miles/hour . 
G. Hoffman (1971) measured the concentrations of atmospheric particulate 
Na as a function of wind speed over the ocean in Hawaii. He deter-
mined a zero atmospheric Na intercept of rv5.5 miles/hour. Hoffman 
explained the low value of the intercept as due to the presence of 
residual atmospheric sea salt caused by the "lag time" associated with 
the production and/or the removal of maritime sea salt at a given wind 
speed. He pointed out that sea salt present in the marine atmosphere, 
at any time , at wind speed less than 8-12 miles/hour is residual sea 
salt produced previously at a higher wind speed. 
Blanchard (1963) discussed the problem of attaining a steady state 
of atmospheric sea salt particles at a given wind speed. A steady 
state for a given wind force will be attained only if the wind blows 
at the same speed for a period of time equal or exceeding the average 
residence time for the smallest particle in the air-borne sea salt 
size spectrum. 
The correlation coefficients for the Na and Mg rate of dry fallout 
versus wind speed for "land" samples .are 0.75 and 0.60 respectively. 
These correlation coefficients are significant at the 2% and 5% 
level respectively (Fisher, 1958). Fig. 9 shows the plot of the Na 
and Mg rate of dry fallout versus wind speed for 11 land 11 samples. 
Since the Na and Mg in these samples are primarily of crustal origin 
(Mg/Na= 1.1; Mg/Na in the earth's crust= 1.0, (Riley and Chester 1971), 
it is likely that the higher the wind force over land the more crustal 
Figure 9. Na and Mg rate of dry fa 11 out vs. wind speed ("land 
samples). 
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Na and Mg particles become suspended in the atmosphere. The regression 
equations for the resulting straight lines shown in Fig. 9 are: 
-12 2 Dry fallout (10 g/cm sec) versus wind speed (miles per hour) 
Wind(L) = 9.6 x Na + 9.0 
Wind(L) = 12 x Mg + 9.0 
(8) 
( 9) 
The zero Na and Mg intercepts in these two equations at 9 miles/hour 
may be interpreted as the minimum wind speed above which significant 
quantities of soil and crustal weathering particles are lifted into 
the atmosphere by the wind. Since we do not know the particle size 
and residence time of these particles, it is not possible to determine 
accurately whether the question of 11 lag time 11 discussed earlier is 
also involved here. However, since the Beaufort scale indicates that 
wind ·raises dust on land at speeds of 13-18 miles/hour, the low inter-
cepts may also be due to 11 lag time'' and equilibria between production 
and/or removal of these particles and the wind speed. 
As indicated in Table 13 no significant correlation was observed 
betv.1een the atmospheric Na or Mg in 11 land 11 samples and the wind speed. 
This is probably because there are no atmospheric concentration samples 
available for the sampling periods which have the two highest rates 
of dry fallout and wind speeds. 
As expected, 11 mixed 11 samples showed intermediate values between 
"marine 11 and 11 land 11 samples for the mean rates of dry fallout and 
atmospheric concentrations of Na and Mg and for the Mg/Na ratios 
(Table 14). It is apparent that the bulk of Mg and Na in these 
samples is derived from the ocean with the rest primarily contributed 
by the crustal ·weathering products. Linear least square regression 
analysis for this category of samples showed that the only significant 
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correlation (1 %) was between Na dry fallout and wind speed. The corre-
lation coefficient between Mg dry fallout and wind speed is significant 
at only the 10% level i.e. (90% probability that a real correlation 
exists, Fisher 1958). 
In an attempt to look at these marine fractions of "mixed" samples, 
the "mixed" samples were "corrected-to-marine" as described in Chapter 
III (Table 15). Linear least square regression analysis showed that 
correlations between the corrected rates of dry fallout, corrected 
atmospheric Na and Mg with corrected wind speeds were very significant 
(1 % level). The linear regression equations for wind speed versus 
the Na and Mg rate· of dry fallout and atmospheric concentrations can 
be derived from the slopes and intercepts gfven iri Table 15. 
For atmospheric concentrations (µg/m 3 ) versus wind speed (miles/hour) 
Wind(C) = 2.2 x Na + 10. 
Wind(C) = 11 x Mg + 11 
( 1 0) 
( 11 ) 
For the rates of dry fallout (10-l~/cm2 sec) versus wind speed (miles/hour) 
Hin~C) 
WinfC) 
= 2. 7 x Na + 4. 9 
= 8.6 x Mg + 8.2 
( l 2) 
( 13) 
If we compare these equations with equations 6,7,8 and 9 derived 
for "marine" samples, it seems that only the Na/wind equations are 
comparable to each other. It is interesting, however, to observe that 
for the combined "marine" and "corrected-to-marine 11 samp 1 es significant 
cotrel ati ons were observed between both dry fa 11 out and atmospheric 
concentrations versus wind speed for both Na and Mg (see Table 16). 
This suggests that the assumptions behind the calculation of the 
II 
corrected-to-marine" rates of dry fa 11 out and atmospheric concentration 
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for Na and perhaps Mg may be valid. A plot of wind speed versus the 
atmospheric concentrations and wind speed versus the rate of dry fallout 
for Na and Mg in the 11 marine 11 plus 11 corrected-to-marine 11 sample popu-
lations combined are shown in Figs. 10-11. 
b. 11 Mhed 11 samples collected within the 010-090° wind sector 
Although samples collected within the wind sector 010-090° are 
essentially 11 mixed 11 samples, they appear to show a different trend 
than the rest of the samples . Since they merit special discussion they 
are listed separately in Table 17. As shown, it seems that the rates 
of dry fallout and atmospheric concentrations of Na and Mg in these 
samples are not related to wind speed. Although the wind speeds 
recorded while sampling these samples were quite variable, the differ-
ences in the rate of dry removal and atmospheric concentrations are 
negligible. As can be seen from the map of sampling sectors (Fig. 5), 
wind blowing within the sector 010-090° can be considered to bring 
marine air masses which have travelled over land for ~150 kilometers (100 
miles). The constancy of the rate of dry fallout and atmospheric 
concentration of Na and Mg and their non-dependence on wind speed may 
suggest that the decrease in the rate of dry removal and atmospheric 
concentrations of sea salt as we go inland is not continually linear. 
It is likely that most of the sea salt produced by the ocean is 
removed very rapidly and is primarily deposited in the coastal zones. 
Sea salt particles of smaller size a~d longer residence time 
are possibly carried further inland. As shown in Table 17, the mean 
rate of Na dry fallout for samples collected in this sector is 
~ l.5xlo- 12g/cm2 sec at a mean wind speed of 12.5 miles/hour. If 
Figure 10. Atmospheric Na and Mg concentration vs. wind speed 
( 
11 mari ne 11 and 11 corrected-to-mari ne 11 samples). 
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we use equation 6 to calculate the rate of Na dry fallout at the coast 
at this wind speed (~3xlo- 12g/cm2 sec), it appears that the rate of Na 
dry fallout has dropped by a factor of ~2 within the 150 Km (100 miles) 
distance from the coast. If we assume that the wind did not change 
speed and the air masses were not modified meteorologically during their 
travel from the coast to the sampling site, the mean lifetime of the 
larger sea salt particles may be estimated very roughly as ~s hours or less. 
c. Samples collected aboard R/VTrident 
Out of the total number of samples collected aboard R/VTrident over 
the northwest Atlantic, dry fallout rates calculated for 4 samples 
were ~soxl o- 12gNa/cm2sec and for 3 samples were ~3-6 x l o- 12gNa/ cm2sec 
(see Table 18). The former group of samples were collected at a mean 
wind speed of 24 miles/hour, while the latter set of samples were 
collected at a wind speed between 12-16 miles/hour. It appears, how-
ever, that the high flux values obtained from the first set of samples 
were due to contamination with bow generated sea spray. Since these 
samples were collected while the ship was moving, sea spray contamination 
was unavoidable, especially near the bow of the ship where the samples · 
were collected. During the collection of the second group of samples, 
the sea surface was not as rough. Since the rate of dry fallout calcu-
lated from these latter samples agree well with those calculated from 
"marine" samples collected at the coastal Rhode Island site, it appears 
that the relationship established between the rate of dry fallout and 
wind speed for "marine" and "corrected-to- marine" samples collected 
at the Narragansett Bay Campus of U.R.I. also holds true for the open 
North Atlantic ocean and possibly the world's oceans. 
d. The Mg/Na ratios 
The mean Mg/Na ratio of 0.16 for "marine" samples approaches the 
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sea water ratio of 0.12. The excess Mg is possibly due to vertical 
mixing of the air masses with consequent addition of crustal Mg from 
continental sources . This probably happens when the marine air masses 
enter coastal areas. This explanation is further supported by the 
Mg/Na ratios observed for samples collected aboard R/VTrident over the 
North Atlantic Ocean (Table 18). The mean Mg/Na ratio calculated from 
3 samples where both Mg and Na were analysed was found to be 0.126, 
very close to the sea water ratio of 0.1 2. On Lhe 0L11er hand "l.:itit.l" 
samples showed a mean Mg/Na ratio of l .l for the dry fallout and 0.79 
for the atmospheric samples (Table 13). This is almost identical to 
the 1.0 Mg/Na ratio in the earth crust (Riley and Chester 1971). 
This suggests that the major fraction of the Mg and Na in these samples 
is of crustal origin. 
As expected "mixed" samples showed an intermediate Mg/Na 
ratio (rc.0.2-0 . 3) between the "marine" and "land" samples. Since this 
is considerably closer to the sea water Mg/Na ratio than the crustal 
Mg/Na ratio, it suggests that the source of the main bulk of the Na 
and Mg in these samples is the ocean. 
As described earlier the mean Mg/Na ratio observed for samples 
collected aboard R/VTrident was found to be almost identical to the 
sea salt ratio . Since these samples were collected at a mid-ocean 
location, where contamination of the marine aerosol with crustal par-
ticles is minimal, this suggests that there is little chemical 
fractionation of sea salt Mg in the marine environment. Several inves-
tigators have reported that the Mg and other alkali and alkaline earth 
metals are enriched relative to Na in sea salt aerosols due to chemical 
fractionation of these particles when they are produced by bubbles 
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bursting at the sea surface (eg. see Sugaw2ra et al. 1949; Koyama and Sugawara 
1953, Oddie 1960, Komabayasi 1962, Chesselet et al. ,1972, Buat,..Menard et al. ,1974). 
This subject was reviewed recently by Duce arid Hoffman ( 1976); Hoffman et al., 
(1977). Observed enrichment of Mg and other alkali and alkaline earth 
metals relative to Na in environmental samples was found to result 
from the addition of non-sea salt particles, particularly crustal 
particles to these samples. 
e . Deposition velocities for particulate Na and Mg 
The mean deposition velocities (V ) calculated from the 3 different g 
subenvironments of Rhode Island coast and "corrected-to-marine'' 
samples are 2.4 ± 1 .6 cm/sec for Na and 3.0 ± l .6 cm/sec for Mg 
(Table 19). Cawse et al. (1972, ·1974) determined V for Na to range from 
g 
0.21-3.4 cm/sec. 
2. Wet Removal of Atmospheric Sea Salt 
a. Rainfall collected from different wind sectors 
Out of the 17 rain showers collected during this project, 8 
were classified as "marine", 6 were "land" and 3 were 11 mixed 11 ,depending 
on the wind direction during the rainfall. The mean concentrations of 
Na and Mg in rain water and the mean amounts of Na and Mg deposited 
in ug/cm2 for each sub.environement are given in Tables 20, 21, 22 
and summary Table 23. As shown by these data most of the Na and Mg 
removed by rainfall originated in the ocean (see Tables 20,21 ,22). 
When the Na concentration and the total amount of rainfall are consi-
dered, more sea salt is removed by "marine" and "mixed" rain than by 
rain occurring when the wind is blowing off land. As would be expected 
linear least square regression analysis between wind speeds and con-
centrations of Na and Mg in rainfall showed significant correlations 
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for "marine" rains and no significant correlation for "land" and 
"mixed 11 rain showers. A plot of wind speed versus Na and Mg concen-
trations in 11 marine 11 rain is shown in Fig. 12 . The regression equations 
for the resulting lines are: 
VJinfR) = 
L1Ji nf R) = 
l. 9xNa + 7. O 
14 xMg + 7.0 
(14 ) 
(15 ) 
Since these rains are marine in origin the 7 miles/hour intercepts 
may again be considered as the minimum wind speed above which sea salt 
production occurs at the ocean surface. Since white caps are formed 
at wind speed between 8-12 miles/hour, in the open ocean, the low inter-
cept of 7 mil es/hour may be a result of the 11 1 ag time 11 between pro-
duction and removal of atmospheric sea salt. This concept was discussed 
earlier for atmospheric particulate Na and Mg concentrations and dry 
fallout. 
The Na or Mg concentration in 11 marine 11 and 11 mixed 11 rains in mg/l, 
showed an inverse relationship with the rain depth in cm (Fig. 13-14). 
Since this relationship appears to be logarithmic, it appears washout 
processes may occur at the very beginning of the rain shower and may be 
completed very rapidly. After the completion of washout, the effect 
of rain is essentially dilution. This relationship was not noticed 
for 11 l and 11 rain. 
The depth of rainfall (Table 20-22), h, in cm, is measured by a 
standard plastic rain gauge. The amounts of rain represented by h 
are sometimes higher than the amounts collected by the plastic buckets. 
This is apparently due to evaporation of the rain water in the latter 
collectors. The mean depth of rainfall for 11 marine 11 and 11 mixed 11 rain 
Figure 12. Na and Mg concentration in rainwater vs. wind speed 
( 11 marine 11 rain) . 
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samples was about l .Ocm, while the mean was only 0.4 cm for land rain-
fall. This is likely due to the higher quantities of moisture assoc-
iated with "marine" air. 
b) Selective removal of sea salt aerosol by rainfall 
Table 23 presents the mean Mg/Na ratios ~alculated for rainfalls 
collected for each of the 3 meteorological subenvironments on the Rhode 
Island coast. Also shown are the mean Mg/Na ratios observed for dry 
fall out sa111p l es collected \vi thin these s ubenvi ronments. The mean 
Mg/Na ratio in "marine" rainfall samples is 0.15, similar to the Mg/Na 
ratio observed for "marine" dry fall out samples. These values approach 
the sea salt ratio of 0.12. The small quantity of excess Mg is possibly 
due to the inclusion of Mg of crustal origin. It is interesting, how-
ever, to note that the Mg/Na ratios in "mixed" and "land" rain samples, 
0.19; 0.32, are lower than their counter parts in dry fallout samples, 
0.30 and 1 .1 respectively. This may suggest preferential wet removal 
or washout of sea salt Na and Mg relative to crustal Na or Mg. However, 
if we assume that during rainout Mg and Na are selectively consumed 
in the sea salt ratio (Martens et al.,1973), and that dry fallout 
samples are equivalent only to the fraction of Na and Mg collected 
by raindrops ·during washout, then the net Mg/Na ratio in rain water 
(a result of rainout and washout processes) must be lower than its 
counterpart of dry fallout in the "mixed" and "land" subenvironments. 
84 
[3. Geochemistry _Qf_ Atmospheric Sea Salt 
l. Significance of Wet Removal (rain) of Sea Salt Relative · to 
Ory Deposition in the Coastal Environment' of Rhode Island 
The mean rate of dry fallout and the mean rate of rainfall removal 
for Na and Mg were calculated from the total population of samples 
collected at the coastal Rhode Island site between 4/15/76 and6/28/76 
(Table 24). As shown, if we compare the mean rate of wet removal (rain) 
of Na and Mg to the mean rate of dry removal during that period of time, 
it appears that equivalent amounts of Mg were removed by rainfall and dry 
fallout and 1.3 as much Na was removed by rainfall. Since some of the 
manually collected rainfall samples, especially those collected at 
inconvenient times, possibly contained a small fraction of dry fallout, 
the ratio of wet removal (rain) to dry removal of atmospheric Na and 
perhaps sea salt is possibly close to one in the coastal environment of 
Rhode Island. Although this ratio was calculated from samples collected 
during only one quarter. of the year, we will assume for subsequent cal-
culations that the same ratio holds for the entire year. Although only 
10.6 cm of rain fell on the Rhode Island coast during the sampling 
period between 4/15/76 - 6/28/76, lower by a factor of two than the amount 
expected from the mean annual rain depth of 107 cm (National Weather 
Service Station, Warwick), it is possible that these rains contained 
higher sea salt concentrations than the average rains. As shown in 
Fig. 13-14, the concentrations of Na or Mg in rain water are inversely 
proportional to the depth (or volume) of rain. 
2. Sea Salt Yearly Removal Over the World Oceans 
In order to estimate the rates of wet and dry removal and the 
annual removal rates of sea salt over the world's oceans, the mean 
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rates of dry fallout and rainfall were calculated from the "marine" 
and "corrected-to-marine 11 samples as well as samples collected aboard 
RV/Trident (Table 24). The mean wind speed at which all these samples 
were collected is approximately 13 miles/hour (5.5 m/sec.) (Table 16). 
Assuming an annual oceanic rain depth of 100 cm (Baumgartner and 
Reichel, 1975) and a mean Na concentration of 1.6 mg/l, (Table 20), the 
-12 2 
rate of Na wet (rain) removal from the atmosphere is 5.1 x 10 g/cm sec, 
-12 2 equivalent to 17 x 10 g sea salt/cm sec. If we compare this figure 
to the mean rate of dry fallout of 3.3xlo-12gNa/cm2.sec or 
llxlo- 12g sea salt/cm2 sec, it appears that, over the ocean, approximately 
two thirds of the atmospheric sea salt returns to the ocean in precipitation 
and approximately one third as dry fallout (Table 24). 
If we use the sea salt dry and wet removal rates and integrate over 
the entire area of the world's oceans, then the total annual removal rate 
of cyclic sea salt at a mean wind speed of ~20 Km/hour is approximately 
30xlo14 g/yr. Approximately 2/3 of this is removed by rainfall and the 
rest by dry fallout (Table 24). The 30xlo14g sea salt/yr removal rate 
determined is higher by a factor of 3 than the estimates made by Eriksson 
(1959) and is approximately one third the value obtained by Blanchard 
(1963) (Table 24). 
3. Significance of Atmospheric Removal of Sea Salt Over the Coast 
of Rhode Island 
If we compare the mean rate of Na wet and dry removal on the 
coast of Rhode Island for all sampling conditions with those for 
the marine environment (i.e. "marine" samples only) (Table 24), it 
appears that the amounts of sea salt deposited by rainfall and dry 
fallout per unit area on the coast of Rhode Island is approximately 
Table 24. Geochemistry of Cyclic Sea Salt 
Na and Mg 
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Location Mean Rate of Mean Rate of Wet Remova 1 Estimated Reference 
11 Land 11 (R. I.) 
11 Marine 11 (R.I.) 
All Samples (R.I . ) 
11 Mari ne 11 (R. I.) 
Florida, Caribbean 
Hawaii* 
Hawaii* 
Continents 
Continents (R.I.) 
Dry Fallout \ilet (rain) 
gxl0-12;cm2sec Removal 
gxlo-12;cm2sec 
Dry Gl oba 1 
Removal 
Rate (sea 
salt) 
gxl Ol 4/yr 
0.26 (Na) 2.45 (Na) 9 
3 . 30± 1 . 86 (Na) 5.1±2.4 (Na) 1.5±1.l 
0. 5 7± 0 . 3 7 (Mg ) 0 . 7 6± 0. 44 (Mg) 1.3±1 . 2 
1 . 5± 1 . 6 (Na) 2.0±1.4 (Na) 1.3±1.7 
0. 36± 0. 22(Mg) 0.40±0 . 2l(Mg) 1 . 1± 0. 9 
Sea Salt! 
11 ±6 17±8 '\, 1 .5 30 
5.5 5.5 '\, 1 10 
5. 1 9.6 '\, 2 100 
3 
0.85 8 . 0 9 2 . 2 
* calculated for the open ocean 
sea salt calculated from Na by multiplying by 3. 25 
Thi s work 
( 1 978) 
II 
II 
This work 
( 1 978) 
Eriksson 
(1959) 
Blanchard 
( 1 963) 
Livingston 
( 1 963) 
This work 
(1 978) 
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40% as much as the amounts, per unit area, removed over the ocean. 
4. Atmospheric Removal of Na and Mg Over Land 
The Na and Mg analysed in "land 11 samples collected in coastal 
Rhode Island are essentially of crustal origin as shown by their Mg/Na 
ratios discussed earli er. Although the wind direction was off land 
during the collection of these samples it is possible that a fraction 
of the Na and Mg in these samples originated in the sea. In this 
respect these samples resemble the aerosol at inland and continenLal 
environments, where a small fraction of the aerosol Na and Mg is of 
oceanic origin, and the main bulk originated in the earth 1 s crust. This 
small fraction of sea salt particles reaching mid-continent area are 
usually of smaller size and have longer residence times than the salt 
particles ~ver the ocean. 
Taking all this into consideration one can attempt to estimate 
tentatively the yearly removal rate of Na and Mg over the continents. 
The rate of dry and wet removal of Na over land is given in Table 24. 
The rate of Na wet removal was calculated from a mean 11 land" rain 
concentration of l .03 mg/l and an annual rain depth of 75 cm 
(Baumgartner and Reichel, 1975). If we compare these rates of removal 
to the rates of removal over the oceans and take into consideration the 
fact that land area constitute only 25% of the earth 1 s surface, it seems 
that only 2% of the total sea salt removed by dry fallout over the earth, 
is deposited on land and 12% of the total sea salt removed by rainfall 
is deposited over land. The total amount of salt.calculated from the 
Na data re~oved over land would be ~2.2 x 1014 g/yr . This is ~8% 
of the yearly global removal rate. Since a fraction of the Na and Mg in 
"land" samples is of crustal origin, and because the Rhode Island 
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coast is not really representative of mid-continent areas, even when 
the .surface winds are not off the ocean, this estimate of 2. 2x1014g/yr 
represents a maximum value for the amount of sea salt removed annually 
over land. Livingstone (1963) calculated that the annual global input 
of cyclic salt Na from river runoff into the ocean is approximately 
lo14g/yr, equivalent to a total salt content of 'V3xlo14g/yr, near the 
estimate above. 
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V. CONCLUSIONS 
The rates and processes of removal of atmospheric sea salt from 
the marine and Rhode Island coastal atmosphere to the earth surface have 
been investigated. Samples collected at a Rhode Island coastal site 
appear to represent 3 meteorologically different subenvironments depending 
on the surface wind direction during sampling. These 3 subenvironments, 
which when superimposed rep resent the coastal environment of Rhode Island 
have been designated 11 marine 11 , 11 land 11 , and "mixed", the latter a 
mixture of the first two. 
Dry fallout, rainfall and atmospheric particulate samples collected 
in this study were analysed for Na and Mg using atomic absorption 
spectrophotometry. The rate of dry fallout and wet (rain) removal of 
atmospheric sea salt from the coastal Rhode Island "marine" subenvironment, 
showed a direct relationship with wind speed. Also the rate of Na dry 
fallou t for samples collected while the wind was off land appears to be 
dependent on the magnitude of wind speed. Dry fallout samples collected 
aboard R/VTrident over the North West Atlantic Ocean gave Na and Mg 
rates of dry removal comparable to the values obtained from "marine" 
sampl es collected at the coastal R.I. site. Dry deposition velocities 
for particulate Na and Mg, calculated from samples collected on the 
Rhode Island coast,were 2.4±1.6 cm/sec for Na and 3.0±1 .6 cm/sec for 
Mg. 
The Na or Mg concentration in "marine" and "mixed" rains showed an 
invers e logarithmic relationship with the rain depth in cm. Comparison 
between the mean Mg/Na ratios in dry fallout samples with rainfall 
samples collected in the 3 subenvironments of coastal R.I. indicate 
that rainfall more efficiently removes sea salt aerosols relative to 
-90 
crustal particles. 
Rainfall and dry deposition are the major processes for global 
atmospheric removal of cyclic sea salt. The annual global removal rate 
of atmospheric sea salt was estimated as ~3.0xlo15 g/yr, higher by a 
factor of 3 than _an estimate made by Eriksson (1959), and lower by a 
factor of 3 than the value calculated by Blanchard (1963). It is 
estimated that ~2/3 of the total cyclic sea salt is removed by rainfall 
and the rest by dry deposition. Less than 2. 2x lo14 9/yr of cyclic sea 
salt (~7% of the total) is removed over land by rainfall and dry depos-
ition. Rainfall is 9 ti mes as important as dry deposition over land. 
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